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The utilization of biomass is a major 
factor in the ongoing transition of the 
global economic system towards 
renewable resources. When processed 
into biogas, biomass can provide a 
flexible energy carrier able to stabilize 
the power grid when wind and solar 
plants cannot convert sufficient energy. 
When converted in biorefineries, 
biomass could provide versatile chemical 
building blocks and high value products. 
Both scenarios rely on bioprocesses 
harnessing the catalytic capabilities of 
the complex anaerobic microbial food 
network. The control regime of these 
processes could be enhanced by 
monitoring the actual biocatalysts rather 
than the abiotic factors focused to date. 
This “community sensor” approach was 
developed and implemented with the 
flow cytometric analysis of 
methanogenic, as well as medium chain 
fatty acid producing microbial 
communities. 
The analysis of methanogenic 
communities has been augmented with a 
protocol for cofactor F420 fluorescence-
based quantification and sorting of 
hydrogenotrophic archaea. The 
community sensor was further applied to 
investigate the adaptation of a microbial 
community producing medium chain 
fatty acids at changing pH values. 
The findings of both investigations have 
been verified with 16S RNA gene 
amplicon sequencing of whole 
community, as well as key 
subcommunities, respectively. The 
subcommunities were selected based on 
correlation analyses and sorted by flow 
cytometry. The verification confirmed 
the F420 methodology and showed the 
positive influence of lactate producers 
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The global economic system is inevitably 
transitioning towards material and 
energy conversion processes that utilize 
renewable resources. One major factor in 
this transition is the utilization of 
biomass as a flexible energy carrier and 
basic feedstock for the chemical industry. 
In many countries a growing percentage 
of electric power is converted using wind 
and solar power plants. These 
technologies provide varying output and 
cannot be actively controlled to meet 
fluctuating demand. As a result, fossil 
back-up capacity is necessary to stabilize 
the power grid. Repowered biogas plants 
providing flexible electricity could 
partially fill this role in the future. 
Today’s chemical industry is still largely 
petroleum based and needs to 
implement biorefineries to end this 
dependency. Biorefineries utilize 
biomass to produce a wide spectrum of 







production of medium chain fatty acids 
(MCFAs) is one process for the 
conversion of biomass into versatile 
chemical building blocks and high value 
products that could be implemented. 
Like the biogas production, it is a 
multistep process in the complex 
anaerobic microbial food network. 
To date, the control regime of these 
kinds of processes, particularly the 
commonly implemented biogas 
production, solely depends on abiotic 
factors and treats the microbial 
community as a black box. A shift from 
abiotic to microbial community-assisted 
control paradigm could improve both 
understanding and process control of 
these applications. Structure and 
dynamic of the bio-catalytic microbial 
community could be closely monitored 
and considered as part of the process 
control circuit. This approach was 







referred to as the “community sensor” 
concept. The rapid microbial community 
analysis integral to this concept has been 
performed by flow cytometry. The fast, 
cost-efficient method facilitated a short 
interval monitoring regime that would 
have been prohibitively time consuming 
and costly if realized with sequencing or 
molecular fingerprinting techniques. The 
sampled biogas and MCFA production 
sludges are challenging sample matrices 
that contain complex microbial 
communities. These conditions 
necessitated the development of a novel 
dying-based sample fixation and 
preparation protocol. Together with 
procedures for enriched and pure 
cultures, as well as the established 
measurement and data evaluation 
pipelines it was published as a video 
paper. 
The two physiological parameters for 
routine cytometric fingerprinting, 
forward scatter and DAPI fluorescence, 
are universal but do not facilitate 
functional or taxonomic affiliation of 
subcommunities. The cofactor F420 
fluorescence was established as an 
additional parameter for the flow 
cytometric analysis of methanogenic 
microbial communities. It allowed the 
rapid identification, quantification and 
sorting of hydrogenotrophic 
methanogens. The method was 
demonstrated with ten different 
methanogenic communities and 
successfully combined with SYBR Green I 
staining. The F420-based affiliation was 
verified by mcrA amplicon sequencing 
and T-RFLP analysis. The 
hydrogenotrophic methanogens best 
detectable by the developed method are 
keystone species in most industrial 
biogas plants. Their fast and reliable 
quantification is pivotal for the successful 
implementation of a community sensor 
in these plants. 
The community sensor was further 
applied to investigate and optimize the 
MCFA production process. MCFA 
production was successfully 
implemented in a continuous, stirred lab-
scale tank reactor with corn silage as a 
solid, complex, lactate-rich substrate. 
The reactor pH was gradually increased 
from 5.5 to 7 and the resulting 
adaptations of the microbial community 







cytometry. The system realized product 
concentrations of up to 6.12 g L-1 
caproate at pH 5.5 and up to 1.83 g L-1 
caprylate at pH 6.25. Flow cytometric 
fingerprinting allowed the identification 
and sorting of key subcommunities 
exhibiting strong correlations with MCFA 
concentrations. 16S RNA gene amplicon 
sequencing was applied for analysis of 
the whole community, as well as the 
sorted subcommunities. Both analysis 
modes unveiled the positive influence of 
lactate producers on the chain 
elongation process. 
The downstream processing in a future 
large scale MCFA production plant 
would extract a fraction of short chain 
fatty acids along with the target 
products. These short chain fatty acids 
could either be recirculated for chain 
elongation or spiked into a second stage 
biogas reactor to facilitate flexible biogas 
and electricity production. Such a 
combined plant could be implemented in 
a biorefinery and would greatly benefit 














Mittelfristig müssen alle wichtigen Stoff- 
und Energiewandlungsprozesse des 
globalen Wirtschaftssystems auf die 
Nutzung von erneuerbaren Ressourcen 
umgestellt werden. Ein wesentlicher Teil 
dieser Umstellung ist der flexible Einsatz 
von Biomasse als Energieträger und 
Basisrohstoff für die chemische Industrie. 
In vielen Nationen wird ein bereits 
wesentlicher und weiter wachsender 
Anteil der eingespeisten Elektrizität 
durch Wind- und Solarkraftwerke 
bereitgestellt. Die Leistung dieser 
Kraftwerke schwankt abhängig vom 
Wetter und kann nicht aktiv gesteuert 
werden um die ebenfalls fluktuierende 
Nachfrage zu bedienen. Daher muss 
fossile Reservekapazität vorgehalten 
werden, um das Stromnetz zu 
stabilisieren. In Zukunft könnte ein Teil 









Die chemische Industrie ist aktuell 
weitgehend erdölbasiert. Diese 
Abhängigkeit von fossilen Rohstoffen 
kann mit Hilfe von Bioraffinerien 
verringert werden. In Bioraffinerien 
kann Biomasse in ein breites Spektrum 
chemischer Verbindungen umgewandelt 
werden. Die mikrobielle Produktion von 
mittelkettigen Fettsäuren (MCFAs) ist 
ein exemplarischer Umwandlungs-
prozess, dessen Produkte sowohl als 
Plattformchemikalien, als auch zur 
Direktvermarktung geeignet sind. Genau 
wie die schon weit verbreitete 
Biogasproduktion ist die MCFA-
Herstellung ein komplexer mehrstufiger 
Prozess im anaeroben mikrobiellen 
Nahrungsnetz.  
Bislang werden diese Art von 
biotechnologischen Prozessen auf der 
Basis abiotischer Faktoren, wie der 
Methanausbeute oder dem pH-Wert  







die eigentlich katalytische mikrobielle 
Gemeinschaft bisher als Blackbox 
betrachtet. Ein Wechsel vom rein 
abiotischem Kontrollparadigma hin zur 
aktiven Berücksichtigung der 
mikrobiellen Gemeinschaft könnte 
sowohl das Verständnis dieser Prozesse 
vertiefen, als auch deren Steuerung 
optimieren. Dazu müssten Struktur und 
Dynamik der mikrobiellen Gemeinschaft 
(Communtiy) umfassend überwacht und 
als Sensoren im Regelkreis verstanden 
werden. Dieser "Community-Sensor“-
Ansatz wurde mit Hilfe der 
Durchflusszytometrie verwirklicht. Diese 
Methode ist vergleichsweise schnell und 
kosten-effizient und ermöglichte so eine 
engmaschige Überwachung der 
mikrobiellen Gemeinschaft, die mit 
anderen Fingerprintingtechniken oder 
Sequenzierungsansätzen weit aufwen-
diger und kostspieliger gewesen wäre. 
Die untersuchten mikrobiellen 
Gemeinschaften sind hochkomplex und 
mussten zunächst aus den Biogas- bzw. 
MCFA-Produktionsschlämmen isoliert 
werden. Dazu wurde ein neues 
Probefixierungs- und Vorbereitungs-
protokoll etabliert. Dieses Protokoll 
wurde zusammen mit weiteren für 
Anreicherungs- und Reinkulturen 
optimierten Verfahren, sowie den 
zugehörigen Mess- und Datenauswert-
ungsroutinen als Videopaper 
veröffentlicht. 
Die beiden bisher für zytometrische 
Fingerabdrücke verwendeten physiolo-
gischen Parameter, Vorwärtsstreulicht 
und DAPI-Fluoreszenz, sind universell 
einsetzbar, erlauben aber keine Aussage 
zu Funktion oder taxonomischer 
Einordnung von Teilgemeinschaften. Der 
fluoreszente Kofaktor F420 wurde als 
zusätzlicher Parameter für die 
durchflusszytometrische Analyse von 
methanogenen mikrobiellen Gemein-
schaften etabliert. Er ermöglicht die 
Identifizierung, Quantifizierung und 
Sortierung von hydrogenotrophen 
methanogenen Archaeen. Die Methode 
wurde an zehn verschiedenen 
methanogenen Gemeinschaften demon-
striert und erfolgreich mit einer SYBR 
Green I DNA-Färbung kombiniert. Die 
F420-basierte Zuordnung der Archaeen 
wurde durch mcrA Amplicon-
Sequenzierung und T-RFLP-Analysen 








trophen Archaeen dominieren die 
methanogene Teilgemeinschaft in den 
meisten industriellen Biogasanlagen. 
Daher ist ihre schnelle und zuverlässige 
Quantifizierung entscheidend für den 
erfolgreichen Einsatz des Community-
Sensoransatzes in diesen Anlagen. 
Der Community-Sensor wurde außerdem 
zur Untersuchung und Optimierung der 
mikrobiellen MCFA-Produktion einge-
setzt. Dazu wurde die MCFA-Produktion 
in einem kontinuierlichen, Rührkessel-
reaktor im Labormaßstab etabliert. 
Maissilage diente als komplexes, festes, 
Substrat mit hohem Laktatanteil. Der 
pH-Wert im Reaktor wurde schrittweise 
von 5.5 auf 7 erhöht und die 
resultierende Dynamik der mikrobiellen 
Gemeinschaft wurde mittels Durchfluss-
zytometrie aufgezeichnet. In diesem 
System wurden Produktkonzentrationen 
von bis zu 6.12 g L-1 Caproat bei pH 5.5 
und bis zu 1.83 g L-1 Caprylat bei pH 
6.25 erzielt. Die durchflusszytometrische 
Analyse ermöglichte die Identifizierung
und Sortierung von Schlüssel-
teilgemeinschaften, deren relative 
Abundanzen stark mit der MCFA-
Konzentration korrelierten. Sowohl die 
gesamte mikrobielle Gemeinschaft als 
auch die sortierten Teilgemeinschaften 
wurden mittels 16S RNA-Gen Amplicon-
Sequenzierung untersucht. Beide 
Analysen belegen den positiven Einfluss 
von Laktat produzierenden Mikro-
organsimen auf die MCFA Produktion. 
Das Downstream-Processing einer 
großtechnischen MCFA-Produktions-
anlage würde kurzkettige Fettsäuren 
zusammen mit den längerkettigen 
Zielprodukten extrahieren. Die 
kurzkettige Fraktion könnte entweder 
zur Kettenverlängerung in den Reaktor 
rezirkuliert oder in eine zweite 
Biogasreaktorstufe eingespeist werden, 
um flexibel Biogas- und Elektrizität 
bereitzustellen. Eine solche zweistufige 
Anlage würde sich besonders zum 
Einsatz in einer Bioraffinerie eignen und 













1.1 The biorefinery concept 
In the past decades, numerous technologies for energy conversion from renewable 
resources have been developed and implemented to curb global warming, deal with 
the limited nature of fossil resources and reduce geopolitical dependencies. The 
increased utilization of biomass is a major measure in this effort (Demirel et al., 
2008). Biomass usage has developed far beyond the historic combustion of lignified 
matter and plant oils for heat generation. The anaerobic microbial degradation of 
biomass is a widely implemented biomass conversion path and enables the 
utilization of complex wet biomass and bio-waste streams for the production of 
gaseous energy carriers, such as biogas and bio-hydrogen. However, it could also be 
used to synthesize a wide range of compounds for direct material use or building 
block application in the chemical industry. Major products include upgraded bio-
methane, alcohols, furfural, citric acid, and short to medium chain carboxylic acids 
(Kamm et al., 2004). To date the chemical industry is still largely petroleum-based. 
It will need to shift towards utilizing renewable feedstocks to create a circular bio-
economy that can sustainably supply a growing world population. The biorefinery 
concept is expected to play a prominent role in this transition. Similar to the well-
established oil refinery, a biorefinery converts a complex raw material stream with 
potentially varying composition into multiple well-defined products of higher value 
(Figure 1). Several biorefinery types, such as whole crop, green- and lignocellulose 
feedstock refineries have been proposed for the most advanced
 
 




phase III plants. This is the first iteration capable of utilizing a mix of feedstocks to 
generate a spectrum of different products (Fernando et al., 2006). The plants rely on 
a range of chemical processing techniques, such as pyrolysis, solvolysis and 
dehydrocyclization and need great capacities for feedstock pretreatment and 
downstream processing. Furthermore, several of their major conversion processes 
rely on the versatile bio-catalytic capabilities of complex microbial communities. 
This study will focus on the microbial communities of the anaerobic food network 
(see 1.2) that show great potential for application in biorefineries. The major 
conversion routes of methanogenesis (see 1.2.2) and reverse β-oxidation (see 1.2.3) 
are presented together with their prospective technical applications, the flexible 
biogas production (see 1.3) and the medium chain fatty acid production (see 1.4). 
To fully understand and optimize- but also to control these processes, the thorough 
investigation of bio-catalytic microbial communities is essential. This study conceives 
the microbial community in these processes as an integral bio-sensor and presents a 
community based process control concept, the “community sensor” (see 1.6). 
 
 
Figure 1: Simplified operational scheme of a phase III biorefinery. Figure was modified from 
(Harnisch et al., 2018).  
 
 





1.2 The anaerobic microbial food network 
Autotrophic life forms, mainly phototrophs, fix about 100 billion tons of carbon 
(104.9 × 1015 g, Field, 1998) into biomass per year. To set this number in context, 
the global mineral oil consumption amounts to 4.7 billion tons (4.7 × 1015 g) per 
year (crude oil, natural gas liquids and condensate, Dudley, 2019). A huge variety of 
heterotrophic organisms living in a multitude of environments utilizes biomass and 
degrades it in the process. Anaerobic processing is one major pathway of biomass 
degradation and its products have a decisive impact in the planets carbon cycle. In to 
the absence of oxygen, biomass cannot be completely oxidized of into the least 
energetic end products CO2 and H2O. With no oxygen or alternative terminal 
electron acceptor available, the reduction equivalents provided by the degradation of 
biomass are bound in higher energy compounds. With eight electrons per carbon 
atom, CH4 binds the most reduction equivalents and is the most important end 
product of the anaerobic degradation. The controlled aerobic conversion of CH4 into 
CO2 and H2O can yield the energy in technical applications. 
The total microbial CH4 production from biomass is estimated to reach one billion 
tons annually (Thauer et al., 2006). Complex microbial communities degrade 
available biomass in wetlands, rice fields, ruminant and termite digestive systems 
(Dziewit et al., 2015), as well as in bioreactors for technical application. The 
degradation is a multistage process with each conversion step being catalyzed by 
different, specialized organisms. The actual CH4 production step, the 
methanogenesis, is catalyzed by methanogenic archaea. If these methanogens are 
not present or inhibited by the environmental conditions, generally no CH4 can be 
produced. Under these conditions, the pressure of excess reduction equivalents 
provided by biomass degradation can induce other pathways, such as 
homoacetogenesis and the elongation of short chain fatty acids (Figure 2). The chain 
 
 




elongation increases the ratio of electrons to carbon atoms bound in a fatty acid 
molecule. The three following chapters cover the fundamental reactions of the 
anaerobic microbial food network, the biomass degradation to acetate, CO2 and H2, 
the methanogenesis and the microbial chain elongation of short chain fatty acids. 
 
Figure 2: Schematic illustration of the major educts, intermediates, products and 
pathways of the anaerobic degradation of complex biomass. 
 
1.2.1 Complex biomass to acetate, CO2 and H2 
The type of biomass utilized in technical anaerobic degradation processes can vary 
substantially between applications and includes ensiled or fresh lignocellulosic 
matter, manure, municipal bio-waste, agricultural or food industry residuals, excess 
activated sludge or purpose grown energy crops (Demirel et al., 2008). These 
feedstocks usually comprise a complex mixture of longer chain biopolymers and 
lipids that are initially degraded into oligomers and monomers by hydrolytic species. 
These shorter chain compounds are either directly transformed into acetate, CO2 and 
 
 




H2, or converted into carboxylic acids (mainly propionate, butyrate and lactate), as 
well as alcohols. The latter can be subsequently metabolized to acetate, CO2 and H2 
by syntrophic bacteria that depend on other species to utilize hydrogen and keep 
concentrations low enough to facilitate the reaction close to the thermodynamic 
equilibrium (Schuchmann et al., 2016). 
CO2, H2, and acetate can also be converted into each other. The direction of this 
conversion depends on the environmental conditions, specifically the prevalent 
hydrogen concentration. The respective reactions have been termed “reversible 
acetogenesis” (Zinder, 1994). It comprises: 
i) the syntrophic acetate oxidation to H2 and CO2, which is energetically 
unfavorable by itself and depends on other species to keep the H2 partial 
pressure below 40 Pa and 
ii) the homoacetogenic reaction of CO2 and H2 into acetate via the acetyl-CoA 
pathway (Figure 3), which is particularly favorable at H2 partial pressures 
above 500 Pa (Demirel et al., 2008). 
The activity of H2-utilizing hydrogenotrophic methanogenesis has extensive effects 
on this trophic network because it is a major factor determining the H2 partial 
pressure. The homoacetogenic reaction, also called Wood-Ljungdahl pathway is not 
only utilized in the reversible acetogenesis but also plays a major role in 
methanogens. There it is utilized both in the reductive direction for carbon fixation 
in hydrogenotrophs, as well as in the oxidative direction for energy conservation in 
acetoclastic methanogens (Ragsdale et al., 2008). This pathway is of particular 
scientific interest, as it has recently been suggested as the means of carbon fixation 
in the last universal common ancestor (Weiss et al., 2016). 
 
 





Figure 3: Schematic illustration of the homoacetogenic reaction, also called Wood–
Ljungdahl pathway. “H2“ generally represents the involvement of two protons and 
two electrons in the reaction. Figure was reproduced from (Ragsdale et al., 2008). 
 
1.2.2 Methane production 
Methanogenic archaea metabolize mainly acetate, CO2 and H2 to produce CH4. 
Other possible substrates include formic acid, carbon monoxide and methyl group 
containing compounds, such as methanol and methylamines. Methanogenesis has 
historically been divided into hydrogenotrophic, i.e. H2- and CO2-utilizing, and 
acetoclastic, i.e. acetate-utilizing pathways (Pavlostathis et al., 1991). The methyl 
group utilizing pathways were designated as methylotrophic. This substrate based 
classification needs to be updated and extended to account for more recent findings, 
but remains relevant, as it captures the major metabolic principles of 
methanogenesis, and adequately describes the majority of species in technical 
applications. Therefore it is used in this study, despite a growing number of 
described exceptions and special cases. 
 
 




It is now known that obligate hydrogenotrophic methanogens rely on the electron 
bifurcation mechanism (Kaster et al., 2011) first reported in Clostridia species 
(Herrmann et al., 2008; Li et al., 2008). This mechanism facilitates 
hydrogenotrophic methanogenesis by energetically coupling its endergonic first and 
exergonic last step through the heterodisulfide reductase (Hdr) complex (Figure 4). 
The Hdr complex channels one of the two electrons, provided by the H2 substrate, to 
the exergonic regeneration of the coenzyme M-S-S-B into the thiol coenzymes M and 
B. These coenzymes catalyze the addition of the fourth, last hydrogen atom in the 
methanogenesis (CH3 to CH4, Costa et al., 2014). The other electron provided by H2 
is channeled to the initial endergonic reduction of CO2 to formyl-methanofuran (CH-
R), which is only facilitated by the connection through the Hdr complex. The 
resulting formyl-group (CH) is augmented with the second and third hydrogen atom 
to form the methyl-group (CH3). This process is facilitated by a separate electron 
flow through the cofactor F420 and is described in detail in chapter 1.6.3. The two 
electrons channeled through the bifurcation are usually provided by H2, but certain 
species have been shown to utilize formate or even certain alcohols as electron 
donors. Even the provision of electrons through a potential between electrodes in an 
electro-bio-chemical system resulted in growth on CO2 (Costa et al., 2013). 
The metabolically versatile Methanosarcinales can also grow on CO2 and H2, but are 
not obligate hydrogenotrophic. They rely on a cytochrome-based electron transport 
chain instead of the electron bifurcation to couple the first and last step of 
methanogenesis. This mechanism provides higher growth yields and produces more 
ATP compared to the obligate hydrogenotrophic pathway. However, cytochrome 
containing methanogens depend on a higher H2 partial pressure above 10 Pa. In 
natural methanogenic environments the H2 partial pressure is often kept very low by 
iron and sulfur reducing bacteria. This leaves cytochrome-based methanogens 
outcompeted and might be the reason why several Methanosarcina species have lost 
the ability to use H2 and CO2 and instead rely on acetoclastic and methylotrophic 
methanogenesis alone (Thauer et al., 2008). 
 
 






Figure 4: Schematic illustration of the major methanogenic pathways. The CO2 
reducing (hydrogenotrophic) pathway utilizes electron bifurcation and is plotted with 
solid black lines. The pathways metabolizing methyl groups are plotted with dashed 
black lines (methyl group from acetate) and grey lines (methyl group from 
methanol, methyl-amines or methyl-sulfides). Hdr – heterodisulfide reductase 
complex, MFR – methanofuran, H4MPT – tetrahydromethanopterin, HS-CoM – 








In acetoclastic and methylotrophic methanogenesis the utilized substrates enter the 
pathways with a higher degree of reduction, i.e. as methyl-groups (CH3). The 
subsequent addition of the fourth hydrogen atom proceeds equivalent to the 
hydrogenotrophic methanogenesis described above. The methyl-group bound to 
coenzyme M gets reduced one last time through the oxidation of the thiol coenzymes 
M and B. However, the mechanisms regenerating the resulting coenzyme M-S-S-B is 
different in the organisms performing acetoclastic and the two described 
methylotrophic pathways (Figure 4). 
During acetoclastic methanogenesis the substrate acetate is first activated to acetyl-
CoA and then split into CO and a methyl group. The methyl group enters the 
pathway as methyl-tetrahydromethanopterin and the CO is oxidized to CO2. This 
oxidation provides the electrons for the coenzyme M-S-S-B regeneration. 
Methylotrophic methanogenesis utilizes a diverse group of methyl-group containing 
compounds, such as acetate, methanol, methylamines, methylsulfides, N,N,N-
trimethyl- glycine, N,N,N-trimethylethanolamine and N,N-dimethylethanolamine 
carbon sources (Watkins et al., 2014; Watkins et al., 2012). These substrates enter 
the methanogenesis pathway, directly forming the methyl-coenzyme M compound. 
With methylotrophic methanogenesis, the electrons for the coenzyme M-S-S-B 
regeneration can either be directly provided by environmental hydrogen or by 
oxidizing part of the substrate. For this, one methyl is oxidized along the reverse 
hydrogenotrophic route and thereby facilitates the reduction of three others to CH4 
(Welander et al., 2005). 
The most prevalent of the pathways is the hydrogenotrophic methanogenesis (Liu et 
al., 2008). It is performed by members of the orders Methanopyrales, 
Methanobacteriales, Methanococcales, Methanomicrobiales and Methanocellales. 
Only members of the genus Methanosarcina are able to utilize all the major 
substrates CO2, H2, acetate and methyl-groups. However, they are cytochrome-based 
and metabolize CO2 and H2 differently than obligate hydrogenotrophic 
 
 




methanogens. Methanosaeta is the only other genus able to utilize acetate. 
Metabolization of methyl-groups is limited to the orders Methanosarcinales and 
Methanomassiliicoccales, as well as a single species of Methanobacteriales (Lackner 
et al., 2018). 
Recent discoveries have continuously extended the spectrum of methanogenic 
archaea and challenged the knowledge about known methanogenic pathways. These 
findings include the new methylotrophic phylum Verstraetearchaeota, the detection 
of genes for the hydrogenotrophic methanogenesis in the supposedly acetoclastic 
Methanosaeta, speculations about a new mode of energy conservation in 
Methanomassiliicoccocales (Vanwonterghem et al., 2016) and the very recent 
observation of supposedly methylotrophic organisms utilizing CO2 (Yin et al., 2019). 
Despite these findings, the majority of methanogenic activity is well described. 
Industrial CH4 production from plant biomass is generally dominated by classic 
hydrogenotrophic methanogenesis (Schlüter et al., 2008; Nettmann et al., 2010; 
Lucas et al., 2015). In contrast, the biggest proportion of CH4 production in waste 
water treatment plants and natural environments is based on acetate (Deppenmeier, 
2002). 
The methanogenic pathways are performed by organisms that do not only favor 
different H2 partial pressures, but also generally display different temperature, 
salinity, fatty acid- and ammonia concentration optima (see 1.5). Furthermore, 
methanogenic archaea show different environmental optima than the bacterial 
species catalyzing other steps in the anaerobic microbial food network. Under 
certain conditions, even in open systems, e.g. systems with an influx of 
methanogenic archaea, this can lead to complete suppression of methanogenic 
activity. Especially elevated ammonia concentrations or elevated fatty acid 
concentrations and acidic pH values can inhibit methanogenesis (Patra et al., 2017). 
The comparably long generation times of methanogenic archaea can lead to a 
washout in systems characterized by short hydraulic retention time and a lack of 
 
 




biomass retention systems (Yun et al., 2017). Additionally methanogens can be 
actively inhibited by specific antimicrobial compounds like 2-bromoethanesulfonate, 
bromochloromethane or 3-nitrooxypropanol (Patra et al., 2017). 
 
1.2.3 Microbial chain elongation 
If biomass is degraded under anaerobic condition and methanogenesis cannot be 
performed, reduction equivalents provided by the fermentative steps of anaerobic 
biomass degradation (see 1.2.1) can be bound by elongating fatty acids. The reverse 
β-oxidation process adds a two-carbon compound to a fatty acid and thereby 
increases the ratio of electrons bound per carbon atom (acetate 2C, 4 e- per C; 
propionate 3C, 4.67 e- per C; butyrate 4C, 5 e- per C; valerate 5C, 5.2 e- per C; 
caproate 6C 5.33 e- per C, enanthate 7C, 5.43 e- per C, caprylate 8C, 5.5 e- per C, 
pelargonate 9C, 5.56 e- per C, caprate 10C, 5.6 e- per C, Angenent et al., 2016). In 
the following, carboxylic acids are referred to as carboxylates and designate the 
unbranched compounds if not specified differently. The C2 body utilized to elongate 
the carboxylic acid is acetyl-coenzyme A. It is generally provided by ethanol 
(Schoberth et al., 1969; Thauer et al., 1968) or lactate (Spirito et al., 2014; Sträuber 
et al., 2018), but can also be supplied by methanol (Genthner et al., 1981), propanol 
(Kenealy et al., 1985), amino acids (Wallace, 2004), D-galactiol (Jeon et al., 2010), 
pyruvate (Wallace, 2004) and sugars, such as glucose (Zhang et al., 2007) and 
sucrose (Ding et al., 2010). The elongation of fatty acids has been first documented 
in 1868 when Béchamp found caproate in a mix of ethanol (42.5 g L−1) and 
“precipitated albuminous matter” inoculated with river bed chalk and stored 
anaerobically between 20 °C and 30 °C for several months (Angenent et al., 2016). 
First modern investigations of the phenomenon established Clostridium kluyveri as a 
model organism (Barker et al., 1945) and the reverse β-oxidation with ethanol as 
the accepted pathway (Schoberth et al., 1969; Thauer et al., 1968). Although the 
 
 




earliest experiments relied on microbial communities, subsequent studies were 
generally utilizing pure cultures or trying to isolate chain elongating species.  
Lactate-based chain elongation was discovered and established as a second model 
with Megasphaera eldenii (Marounek et al., 1989) as the model organism. More 
recently efforts were focused on establishing the elongation of short chain fatty acids 
to medium chain fatty acids (MCFAs, generally more than five carbon atoms) as a 
technical application, because MCFAs offer a number of beneficial properties, 
potential applications and benefits in downstream processing (see 1.4). In the 
framework of the anaerobic microbial food network this application could be 
particularly promising in future biorefineries. Several studies have aimed to create 
stable, low maintenance, high yield systems and relied on complex microbial 
communities for that task. The established communities did not necessarily comprise 
the established model organisms, although the reverse β-oxidation pathway itself is 
well understood since the electron bifurcation process was discovered (Angenent et 
al., 2016). Effective chain elongation has been observed at mesophilic temperatures 
between 30 °C and 40 °C, whereas thermophilic conditions around 55 °C seem to 
inhibit the process (Agler et al., 2014). The pH value is a very important parameter 
for the chain elongation process, as it influences the process through multiple 
mechanisms (see 1.4 and Publication 3). Efficient chain elongation has been 
described in a pH range between 5.5 and 7.0 (Angenent et al., 2016). This study 
found the optimum for the investigated system at pH 6.25.  
 
 





Figure 5: Schematic illustration of the reverse β-oxidation process. Substrates and 
products are marked in red and blue, respectively. Major enzymes are marked in 
green. In step 1, the electron donors, ethanol or lactate are oxidized to acetyl-CoA. 
Step 2 shows the reverse β-oxidation of acetate and acetyl-CoA to butyrate. This 
cyclic process can subsequently be repeated to form the longer chain carboxylates 
caproate and caprylate. The figure was reproduced from (Spirito et al., 2014). 
 
 




The chain elongation of fatty acids can only be performed after the electron donors 
i.e. ethanol or lactate have been oxidized to acetyl-CoA. The reverse β-oxidation 
itself then transforms acetyl-CoA to acetoacetyl-CoA, which is further converted into 
3-hydroxybutyryl-CoA and crotonyl-CoA. The successive reaction of crotonyl-CoA to 
butyryl-CoA is facilitated by electron bifurcation. In a final step butyryl-CoA reacts 
into butyrate and coenzyme A, which can be recycled. The process can subsequently 
be repeated to form the longer chain carboxylates caproate and caprylate (Figure 5). 
 
1.3 Flexible biogas production 
To date, the conversion of biogas into electrical energy already contributes a 
substantial percentage to the total electricity supply in multiple countries. In 
Germany alone approximately 8700 biogas plants accounted for a total of 
32.37 TWh of electrical energy, 5.45% to the total and 17.2% of the renewable 
electricity in the grid in 2016 (Daniel‐Gromke et al., 2018). Production of electrical 
energy from biomass is almost exclusively performed at constant load, similar to the 
classic base load plants, such as nuclear or coal power plants (see Figure 6). 
However, biogas is the only major renewable energy carrier available that can 
potentially be utilized flexibly. It could be used to compensate for the traditional 
fluctuations in demand, as well as the new fluctuations in supply caused by the 
increasing proportion of wind and solar energy in the grid. Different concepts for the 
flexible use of biomass have been conceived and tested. They can be categorized into 
four types according to the stage of the biogas plant they are supposed to be 
implemented in (Szarka et al., 2013, enumeration equivalent to Figure 7): 
1) A flexible feeding management utilizes variable feeding time points and 
amounts, as well as different types of substrate to influence the activity of 
the microbial community to control the amount of produced biogas. 
 
 




2) Intermediates, such as short chain fatty acids that are readily degradable 
and promise to quickly enhance the amount of produced biogas are stored 
and spiked into the reactor. 
3) Additional biogas storage is installed, gradually filled by steady biogas 
production and emptied by oversized combined heat and power plants 
during periods of high electricity demand. 
4) Produced biogas is upgraded to bio-methane, which can be injected into the 
natural gas grid. 
The installation of additional gas storage, and especially the installation and 
operation of facilities for biogas upgrading require significant financial investments 
and are therefore only suitable for a minority of plants. 
 
Figure 6: Exemplary course of electricity production and usage in Germany over 
one week from Monday the 25.03.2019 to Sunday the 31.03.2019. Electricity was 
produced by (from bottom to top): ● biomass (mainly but not limited to biogas 
plants), ● hydro power, ● wind offshore, ● wind onshore, ● solar power, ● pumped 
storage plants and ● conventional power plants. Energy usage – is not congruent 
with total energy production. The difference is accounted for by electricity exports 
and imports. Note the steady production from biomass. Figure was modified from 
“Agora Engergiewende”. Original figure available at: 
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The feeding management approach is particularly promising, as its application is 
comparably easy. The resulting dynamic operation of the plant requires a more 
detailed monitoring of the process status. This monitoring could be achieved by 
applying the community sensor concept (1.6). The storage of intermediates might be 
particularly promising if the respective compounds could be directly monetized or 
further processed to value added products according to the biorefinery concept, 




Figure 7: Schematic illustration of the material and energy flows in a biogas plant. 
Possible technical approaches for the flexible production of electrical energy are 
given for each major subunit (CHP - combined heat and power unit, ICT - 
information and communication technology). Figure was reproduced from (Szarka 









1.4 Medium chain carboxylate production 
The separation of biomass degradation and CH4 production in different reactor 
vessels offers a number of potential advantages: 
i) It can result in higher volumetric efficiency and substrate degradation rate 
of the whole plant, because the different optimum conditions for substrate 
hydrolysis and methanogenesis can be set in the reactors (see 1.2.1 and 
1.2.2). 
ii) It can contribute to a flexible biogas production because the intermediate 
short chain fatty acids, such as acetate and butyrate can be stored and 
spiked into the second stage methanogenic reactor according to the 
projected electricity demand (see 1.3). 
iii) The short chain fatty acid intermediates could be elongated by reverse β-
oxidation to produce medium chain fatty acids (MCFAs), such as caproate 
(C6) or caprylate (C8, see 1.2.3). 
These compounds are very versatile and can be used as feed additives (Angenent et 
al., 2016), antimicrobial agents (Huang et al., 2011) and corrosion inhibitors 
(Kuznetsov et al., 2002). In the biorefinery framework MCFAs could furthermore 
drive the implementation of a renewable chemical industry, because they can be 
refined into fuels (Urban et al., 2017), organic solvents (Agler et al., 2011) and 
bioplastics (Witholt et al., 1999), as well as flavours and fragrances (Kenealy et al., 
1995). To date the market for MCFAs is still limited in volume, because a lot of the 
potential applications are covered by other hydrocarbons, which are mostly refined 
from fossil resources. Additionally, odd-numbered MCFAs are likewise produced 
from petroleum today. Even-numbered MCFAs are thus far obtained from palm 
kernel and coconut oils, which only contain low concentrations (Chen et al., 2017). 
These plant oils are produced by large scale plantations that often displace sensitive 
primary forests and have been linked to a range of other ecological and socio-
 
 




economic problems (Carlson et al., 2013). The biotechnological production of 
caproate and caprylate would provide the advantages of renewable medium chain 
hydrocarbons without the negative impacts of cash crop plantations in tropical 
ecosystems. 
The elongation of short chain fatty acids does not only widen their range of 
application and increase their market value; it also simplifies potential downstream 
processing for product separation. The longer nonpolar carbon chain of the 
elongated MCFAs decreases the influence of the polar carboxyl group on the overall 
polarity of the molecule. Longer chain fatty acids are therefore less hydrophilic, i.e. 
less soluble in the watery solutions they are produced in. Acetate and butyrate are 
miscible in water while every additional reverse β-oxidation step reduces the 
compound solubility drastically (caproate 9.68 g L-1, caprylate 0.68 g L-1, caprate 
0.15 g L-1 at 20 °C and pH 7, Yalkowsky et al., 2016). These properties benefit the 
separation of a MCFA fraction from watery digestate regardless of the utilized 
separation technique. Possible approaches include the classic solvent-based 
extraction, as well as acidification by chemical or electrochemical means (Angenent 
et al., 2016). 
The antimicrobial properties that facilitate some of the most promising application 
for caproate and caprylate naturally complicate their microbiome-based 
biotechnological production (Andersen et al., 2017). The threshold concentration 
that causes a yield limiting product inhibition depends on multiple environmental 
factors and can be strongly influenced by adjusting the digestate pH value. The pKa 
value range of the fatty acids (acetate 4.76, butyrate 4.82, caproate 4.85, caprylate 
4.86) results in a proportion of undissociated species at the mildly acidic pH usually 
set in the reactor (see Table 1). The undissociated, uncharged species are able to 
pass through cell membranes and will subsequently dissociate in the near neutral 
cytoplasm (Jin et al., 2015; Salmonod et al., 1984). They consequently accumulate 
in their dissociated, charged state (see Figure 8) and induce their cytotoxic effect by 
disrupting the cells membrane structure (Stratford et al., 1998) and the methionine 
 
 




synthesis pathway (Roe et al., 2002). A controlled increase of the digestate pH 
towards the neutral range reduces the proportion of undissociated fatty acids in the 
digestate and therefore lowers the product toxicity, ultimately allowing higher 
yields. Such a pH increase additionally affects the performance of the chain 
elongating microbial community through other mechanisms. It increases hydrolytic 
and fermentation performance (Veeken et al., 2000; Zheng et al., 2015) but also 
complicates the downstream product separation (Angenent et al., 2016). The 
increase from acidic towards neutral pH will furthermore facilitate methanogenic 
activity (Van Kessel et al., 1996), which will successively compete with the chain 
elongation for carbon and electrons. 
 
Table 1: Degrees of dissociation for the major even-numbered carboxylates from 
pH 5.5 to pH 7.0. Note the higher percentage of undissociated acids at lower pH 
and with longer chain lengths (Haynes, 2016). 
  Dissociated (%) at pH: 
 pKa 30 °C 5.5 5.75 6 6.25 6.5 7 
Acetic acid 4.76 85 91 95 97 98 99 
Butyric acid 4.82 83 89 94 96 98 99 
Caproic acid 4.85 82 89 93 96 98 99 









Figure 8: Schematic illustration of the mechanism enriching fatty acids in the 
cytoplasm. The neutral, undissociated acids are able to pass the cell membrane 
while the charged dissociated acids are not. The neutral pH in the cytoplasm causes 
the fatty acids to dissociate inside the cell, thereby effectively enriching. 
 
1.5 The challenges of complex microbiome analysis 
The microbial communities of the anaerobic food network can be extremely 
complex. Until recently, they have been regarded as black box systems in several 
different aspects. The microbiome structure is usually treated as a black box system 
during the regular operation of anaerobic digestion plants (Koch et al., 2014). The 
very limited availability of metagenomes further resulted in the black box nature of 
anaerobic microbial communities with regard to taxonomic databases (Campanaro 
et al., 2016). And finally, interactions between organisms of the anaerobic microbial 
food network are still not fully understood and can be described as a black box 
(Shaw et al., 2017). 
The anaerobic microbial food network consists of multiple discrete but 
interdependent reactions steps (see Figure 2). This study focuses on initial biomass 
degradation, acidogenesis, reversible acetate oxidation, methanogenesis and reverse 
 
 




β-oxidation. Each individual step is usually catalyzed by multiple, often redundant 
species. The resulting microbial community is usually characterized by a very large 
pool of potentially present species and species interactions. The actual number of 
species catalyzing a reaction varies drastically between the different steps and is 
additionally influenced by the environmental conditions. For example, the 
mesophilic temperature range around 38 °C often chosen in industrial anaerobic 
digestion plants facilitates a more diverse microbial community than the 
thermophilic range at 55 °C (Labatut et al., 2014). The basic metabolic principles of 
methanogenesis (see 1.2.2) are also observed at different temperature ranges. The 
cytochrome-based hydrogenotrophic methanogens dominate at psychrophilic 
temperatures around 4 °C, while the obligate hydrogenotrophic species are 
generally dominant at higher temperatures above 60 °C (Conrad et al., 1990). 
Several more parameters influence the microbial community structure and species 
diversity. Greater species diversity has been directly connected to greater functional 
resilience (Lozupone et al., 2012). 
Even if the species in the investigated anaerobic microbial food network have been 
successfully affiliated to a taxonomic group, deduction of functional relations can be 
challenging. Certain bacterial and archaeal species are equipped to fill multiple roles 
in the trophic network of anaerobic digestion. For example, some bacteria generally 
known as syntrophic acetate oxidizers can grow axenically on H2 and CO2 to produce 
acetate, when the H2 partial pressure in the system reaches certain thresholds 
(Hattori, 2008). The genus Methanosarcina is a second very prominent example of 
this metabolic flexibility because several of its members can utilize the two most 
common substrates for methanogenesis, acetate, as well as CO2 and H2 (see 1.2.2) 
but also several more uncommon compounds (Boone et al., 2015). 
Characterizing the state and functional relations of the described microbial 
communities can be challenging. However, additional levels of complexity arise 
when these highly interdependent microbial communities need to be described in a 
 
 




non-settled state or even under non-steady-state conditions. Non-steady-state 
conditions are the norm in many natural communities, as well as in most 
technological applications. The generation times of the investigated organisms range 
from days for certain methanogenic archaea to minutes for fast growing bacteria 
(Yun et al., 2017). To resolve the resulting dynamics, short interval sampling over 
extended time periods is required. However, if the dynamic development of a 
producing community is not just captured occasionally, but by close monitoring, the 










1.6 The community sensor 
The microbial communities of the anaerobic microbial food network are active in 
anaerobic degradation (see 1.2.1), methanogenesis (see 1.2.2) and chain elongation 
(see 1.2.3). They can be regarded as complex bio-catalysts facilitating multistep 
reactions. Their catalytic performance in these reactions is influenced by 
environmental conditions. In technical applications, the process parameters are a 
major factor of these environmental conditions. They include parameters such as 
temperature, agitation, organic loading rate, hydraulic retention time and feeding 
regime and are defined by reactor design and plant operation. The communities’ 
catalytic activity itself determines the second major influence, summarized as the 
abiotic factors. They include product concentration; pH and degree of degradation 
(see Figure 9). These factors are utilized by the established process control 
approach, which historically originated with chemical process engineering. This 
approach compares their measured value to a predestined setpoint and uses the 
difference, the control deviation, as input to adjust the process parameters 
accordingly. With the complex bio-catalytic communities and multi-step reactions 
characteristic for the anaerobic food network, the causalities between input process 
parameters and output abiotic factors are not necessarily straightforward. The 
abiotic factors may furthermore react to changes of the process parameters with 
considerable delay. 
This context substantiates the quest for effective monitoring and control of microbial 
communities in production processes. Moreover, it substantiates the reason for 
community monitoring to investigate and optimize complex multistep bio-processes. 
In contrast to the established process control scheme, the community sensor concept 
is based on close community monitoring. It utilizes the state, recent history and 
dynamic trends of the microbial community structure as factors to determine the 
 
 




necessity of changes to the process parameters (see Figure 9). The described relation 
between process parameters, microbial community and abiotic factors not only 
marks a causal chain, but also a temporal relation. Changing process parameters 
manifest successive changes in the community structure and function, which 
subsequently changes the abiotic factors. The abiotic factors, used in classic process 
control, are the last link in the chain to display process instabilities requiring 
operator input. In contrast, the microbial community used in the community sensor 
promises shorter reaction times for the whole control circuit. 
 
 
Figure 9: Schematic illustration of the community sensor concept. The process 
parameters, i.e. reactor design and plant operation influence the microbial 
community that in turn influences the abiotic parameters, such as the product 
concentration. Utilizing the microbial community not only as the bio-catalyst but 
also a sensor promises faster response times and additional insights for process 







Established control circuit 









1.6.1 Possible microbial community analysis techniques 
Several different approaches for the analysis of microbial communities have been 
established in the past. The techniques are results of the technological development 
of their time and offer a set of unique advantages and disadvantages each. Several 
approaches have been dramatically advanced and combined with newer methods 
over time. Nevertheless, they can still be challenging to implement in the fast, cost-
efficient and reliable fashion that is essential to the community sensor concept. 
Historically, the extremely laborious preparation, and investigation of multiple 
enrichment and pure cultures were the only way to gain information about complex 
microbial communities. This approach allows detailed description of qualitative 
metabolic capabilities, such as substrate and product spectra, growth rates and 
environmental optima. And it can further allow the categorization of organisms 
based on these bio-chemical and additional immuno-chemical analyses. However, 
these cultivation-dependent approaches are extremely time consuming and limited 
to the very small and selectively biased proportion of cultivable microorganisms 
(Konstantinidis et al., 2017). Next, the introduction of microscopic techniques 
marked a huge leap in microbiology in general and the investigation of communities 
in particular. Basic morphology-based affiliations, such as spirillum, were possible 
without cultivation. Techniques like gram staining introduced additional parameters 
distinguishing the manifold organisms in a microbial community (Boyanova, 2018). 
The development and application of fluorescent dyes brought yet a new level of 
fidelity to the microscopic approach. The combination of microscopy and insights 
into molecular biology lead to the development of fluorescence in situ hybridization 
probes. These probes have proven invaluable for the identification and microscopic 
visualization of specific organisms, but can be challenging to reliably insert into the 
cells in complex communities or challenging sample matrices (Bouvier et al., 2013). 
 
 




Microscopic analysis is generally regarded as quantitative, because it provides 
information on single cells. 
The development and proliferation of molecular biology also lead to the 
implementation of the first amplicon-based sequencing applications that mainly 
focused on the 16S RNA gene. It furthermore gave rise to multiple PCR-based 
fingerprinting approaches, such as temperature (TGGE), as well as denaturing 
gradient gel electrophoresis (DGGE), ribosomal intergenic spacer analysis (RISA), 
terminal restriction fragment length polymorphism (T-RFLP), amplified rDNA 
restriction analysis (ARDRA) and single-strand conformation polymorphism (SSCP). 
If the DNA for amplification is extracted directly from the original sample, these 
techniques can avoid the pitfalls of cultivation depended analyses but are limited by 
the bias integral to the extraction and amplification of microbial DNA 
(Engelbrektson et al., 2010; Hartmann et al., 2008). 
The rapid advance in sequencing technology over the last two decades resulted in 
highly parallelized high-throughput sequencing techniques like Illumina sequencing 
(Bronner et al., 2014) and long read-length techniques like the nano-pore 
sequencing (Niedringhaus et al., 2011). These technologies massively reduced the 
cost of amplicon sequencing and facilitated the meta-genome sequencing approach. 
It sequences all available DNA and subsequently assembles consensus sequences. It 
can deliver exhaustive information about the metabolic potential of a microbial 
community, because all enzyme encoding genes are recorded (Handelsman, 2004). 
However, the recorded genetic code alone cannot deliver conclusive evidence about 
the actual behavior of the organism under specific conditions (Kuczynski et al., 
2011; Liu et al., 2010). This shortcoming fuels an ongoing debate about the 
advantages and disadvantages of sequencing-based versus classic cultivation-
dependent techniques for the investigation of the vast microbial diversity 
characterization of microbial communities (Gutleben et al., 2018). 
 
 




Due to laborious protocols and data processing pipelines none of the afore-
mentioned methods can be sustained as a routine measurement tool for high 
frequency sampling without investing a substantial amount of money, time and 
workforce. Some techniques may mitigate these limitations by utilizing easily 
traceable properties of specific groups of organisms, such as characteristic light 
absorption spectra, fluorescence, surface proteins or phospholipid structure. By 
sensing properties, such as the cofactor F430 induced absorption peak at 430 nm one 
can achieve the fast and cost-efficient recognition of taxonomic or functional groups 
and even their activity (Passaris et al., 2017). 
 
1.6.2 Flow cytometric fingerprinting 
Flow cytometry utilizes the fast sequential measurement of scatter and fluorescence 
properties of a great number of single cells to characterize whole microbial 
communities. This approach can therefore combine the beneficial overview of the 
bulk analysis provided by fingerprinting techniques and the quantitative single cell 
investigation of microscopic analysis (see 1.6.1). 
The samples containing the investigated microbial community can be fixated to 
enable later bulk analysis. They have to be prepared prior to the cytometric analysis 
to dissipate cell aggregates as far as possible and stain the cells. Different sample 
sources require adapted protocols, which are presented in Publication 2. Each 
preparation procedure results in a washed cell suspension with OD 0.035 - 0.04 
(λ = 700 nm, d = 0.5 cm) containing ca. 3 × 108 singularized cells mL-1 (Koch et al., 
2013). The samples are fed into the cytometer in a sample stream, surrounded and 
hydrodynamically focused by a sheath buffer stream. This focus guarantees the flow 
of all cells through the focal point of the laser beam one cell at a time. The cells 
traveling though the beam scatter incoming light. Inserted or naturally occurring 
fluorophores are excited and emit their specific fluorescence signal. The scattered 
 
 




and emitted photons can be collected both longitudinal and orthogonal to the laser 
axis. The emissions are separated into defined channels by a cascade of dichroitic 
mirrors and filters to be detected by highly sensitive photomultiplier tubes (PMTs). 
These PMTs convert the photon stream into an electrical current of corresponding 
intensity (Figure 10). 
 
Figure 10: Schematic illustration of the major fluidic and optic components, as well 
as the operating principles of a flow cytometer. Depiction is simplified for reasons 
of clarity and comprehensibility: The components, drops and cells are not displayed 
to scale. Only one optical line with one laser, one selection of mirrors, filters and 
photomultiplier tubes (PMTs) is shown. The nozzle only oscillates when operating in 








The current signal is digitally processed to identify the cell events and visualize them 
in 2D dot plots according to their properties. The light scattered longitudinal to the 
laser axis is called forward scatter (FSC) and roughly correlates to the cells size. The 
light scattered orthogonal to the laser axis is called side scatter (SSC) and provides 
information about the cell shape and granularity. The scatter parameters can only 
provide rough correlations, because the ratio of particle size and wave length (radius 
r ≈ 2π wavelength λ) causes complex Mie scattering (Mie, 1908). 
The utilized laser light sources can vary in wavelength between the near UV 
(355 nm) and the deep red range (635 nm) and need to be selected according to the 
desired scattering characteristics and most important the investigated fluorophores. 
This study utilized a blue laser (488 nm) for FSC and SSC measurements. The DNA 
content was measured with a UV laser (355 nm) for DAPI staining and a blue laser 
(488 nm) for SYBR Green I staining. The investigation of the cofactor F420 
additionally required a violet laser (405 nm). The exact configurations of lasers, 
fluorophore, filters and analysis channels are given in the respective publications 
(see pages 47, 63 and 81). 
The dot plots generated by flow cytometric measurements (Figure 11) are 
subsequently analyzed by semi-automated pipelines that rely on image comparison 
(flowCHIC) or quantification of events in predefined gates (flowCyBar, Koch et al., 
2013), see Publication 2). The dot plots can comprise more than 106 events that 
need to be distinguished into cells, noise and standard particles added for 
instrument alignment. Cells of a subcommunity are measured as clusters of events 
with similar scatter or fluorescence properties. For the CyBar approach these clusters 
are assigned into gates by manual or automatic gating. The number of events in a 
gate in relation to all cell events is considered the relative abundance of said gate. 
The change of relative abundance over time can be visualized and correlated to 
process parameters and abiotic factors to gain information about probable functions 
of subcommunities in certain gates. 
 
 






Figure 11: Exemplary microbial community structure visualized in forward scatter vs. 
DAPI fluorescence dot plots. A shows the complete community fingerprint as it is 
measured with the cell gate and the bead gates. B shows the 250,000 cells in the 
cell gate used for further analysis. C shows the cells used for further analysis with 
the gates G01 to G31 marking the respective sub-communities. D shows the 
complete master gate template with named sub-community gates. The figure was 
reproduced from (Lambrecht et al., 2019).  
 
 





1.6.3 F420 autofluorescence-based methanogen quantification 
Methanogenic archaea possess a cofactor that displays distinct fluorescent properties 
and facilitates their identification by autofluorescence. The cofactors oxidized state 
exhibits an excitation maximum at 420 nm that consequently inspired its 
designation, F420 (see Figure 4 and Figure 12). The cofactor has first been identified 
as an integral part of the hydrogenotrophic, electron bifurcation-based 
methanogenic pathway. However, it was also found in lower concentrations in non-
hydrogenotrophic methanogens and plays an active role in methylotrophic 
methanogenesis (Welander et al., 2005). The cofactor F420 fluorescence can be 
utilized to enhance the flow cytometric fingerprinting technique with an additional 
optical parameter. It provides taxonomic and functional information in addition to 
the physiological standard parameters forward scatter and DAPI-fluorescence (see 
Publication 1 and 3.1). To fully exploit the potential of the cofactor F420 fluorescence 
for flow cytometric analysis, it is essential to understand its role in the metabolism, 
chemical properties, biosynthesis and detection methods. These topics will be briefly 
explained in the flowing paragraphs: 
In the hydrogenotrophic methanogenesis the reduced cofactor F420 supplies electrons 
for the binding of the second and third hydrogen atom in the CH4 production chain 
(methenyl - CH to methylene - CH2 to methyl - CH3, see Figure 4). These reactions 
are catalyzed by the F420-H2-dependent N5,N10-Methylene-tetrahydromethanopterin-
dehydrogenase (Mtd). In the methylotrophic methanogenesis the reduced cofactor 
F420 supplies electrons for the regeneration of oxidized methanophenazine, which is 
catalyzed by a F420-dehydrogenase. Methanophenazine itself then regenerates the 
thiol-coenzyme B and M complex formed during the addition of the fourth hydrogen 
atom (see 1.2.2). In the other methanogenic pathways methanophenazine is 
reduced by H2 (Welander et al., 2005). 
 
 





Figure 12: A UV-vis excitation spectra of coenzyme F420 in its reduced (red) and 
oxidized (blue) state adapted from (Purwantini et al., 2009). B Section of the 
bifurcation-based methanogenic pathway highlighting the function of cofactor F420 
as hydride carrier for methenyl-H4MPT and methylene-H4MPT reduction as 
described by (Welander et al., 2005). Abbreviations: F420, coenzyme F420; H4MPT, 
Tetrahydromethanopterin; Mtd, F420-dependent N5,N10-Methylenetetra-
hydromethanopterin-dehydrogenase; Frc, cysteine-containing F420-reducing 
hydrogenase; Fru, selenocysteine-containing F420-reducing hydrogenase. 
 
The cofactor F420 itself is usually reduced with H2 by the Ni-Fe containing F420-
reducing hydrogenases Fru and Frc, but might also be regenerated by the 
combination of Mtd and Hmd under Ni-Fe-limited conditions (Hendrickson et al., 
2008). The key precursor for the biosynthesis of the cofactor F420 is F0 (7,8-
didemethyl-8-hydroxy-5-deazariboflavin), itself based on 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione and tyrosine as building blocks. After a series of 
reactions, the addition of phospholactate and a poly–L-glutamate tail of variable 
length are the final biosynthesis steps of the cofactor F420 (Bashiri et al., 2010). 
Cofactor F420 isolates can be prepared by washing steps with acetone and are 
generally purified by chromatography according to (Cheeseman et al., 1972; 
Schönheit et al., 1981). The quantification of cofactor F420 concentration has been 
 
 




realized using HPLC (Isabelle et al., 2002; Peck, 1989) but can also be achieved 
indirectly through essays with the ADP-linked hydrogenase system of 
Methanobacterium bryanti M.o.H (Eirich et al., 1979). The measured concentrations 
with either technique varied from 120 mg kg-1 to 410 mg kg-1 cell mass (wet) for 
hydrogenotrophic methanogens but were much lower for Methanosacrina barkeri 
(16 mg kg-1) and Methanobacterium ruminate (6 mg kg-1). 
 
1.6.4 Flow cytometric cell sorting for in depth investigation 
Flow cytometric fingerprinting can only provide limited information about the 
taxonomic affiliation of the cells in these gates. Some conclusions might be drawn by 
extreme scatter or fluorescence values if the composition of the microbial 
community can be anticipated or is not very complex. Yeast cells would for example 
display a much higher FSC signal than most bacterial cells due to their bigger size. If 
the analysis includes function- or taxon-specific fluorescence markers, such as the 
cofactor F420, this information might be more detailed. However, if the exact 
taxonomic affiliation or detailed functional mechanism of a subcommunity needs to 
be clarified, cells from the subcommunities’ gate (Figure 11) can be sorted (Figure 
10). 
With jet-in-air flow cytometers, cell sorting is facilitated by a piezo-element inducing 
a high frequency oscillation of up to 100,000 Hz to the nozzle. This oscillation 
causes the jet, consisting of sample and sheath buffer stream, to form drops of ca. 
0.8 nL after it passed the laser focal points. Sample flow rate and oscillation 
frequency are tuned to allow only one cell per drop with most of the drops being 
empty. Optical analysis and data conversion are preformed near real time. Therefore 
cells can be assigned to gates before they reach to the point of drop formation. The 
known jet speed and distance to this point allow the calculation of the exact time of 
drop formation. If the cell is part of a preselected sort gate, at this moment, a voltage 
 
 




is applied to the nozzle tip and the electric potential is conducted through the jet. 
The drop separates from the jet and is accelerated in the electric field between 
charged electrodes. As a result it is deflected away from the central jet and into a 
collecting container below. Different drop charge strengths facilitate the 
simultaneous sorting of cells from multiple gates. The sorted cells can be exposed to 
the full range of omics analyses, such as sequencing, proteomics or transcriptomics 
to test, substantiate or extend the knowledge about the investigated microbial 
community. The performed analyses are practically only limited by the amount of 
cells they require, because the sorting speeds of classic jet-in-air flow cytometers are 
generally limited to a maximum of 10,000 cells min-1. This limitation is largely 
introduced by the analysis resolution decreasing at higher event rates. Thus, the 
sorting in this study has been performed at only 3,000 cells min-1 to achieve higher 
accuracy. The effective sorting speed is further proportionally decreased if the gate 
of interest is only present with low relative abundance. The exact configurations of 
all relevant sorting parameters used in this study, such as sort mode, sorting 
frequency and drop delay are given in the respective publications (see pages 47 and 
81). 
The sort gates are selected based on correlations of relative abundance and abiotic 
parameters. If the relative abundance of a subcommunity in a gate displays a strong 
and significant positive correlation with the product concentration it might be of 
particular interest for the process. The subcommunity is likely directly or indirectly 
involved in the product formation. Strong negative correlations might be of similar 
interest, because the corresponding subcommunity might consume the product or 
inhibit its formation. A thorough investigation, which also considers other 
parameters and additional factors, such as time points and velocity of abundance 
changes results in a list of key subcommunities that are likely steering the process. 
The gates of these subcommunities of interest are assigned as sort gates.  
 
 





1.7 Aim of this study 
This study utilizes the inherent traits and features of complex, highly interdependent 
microbial communities to: 
i) facilitate their deeper understanding, 
ii) quantitatively monitor their temporal structural and functional dynamics to 
establish tools for bio-process control and 
iii) apply their catalytic capabilities. 
The investigated anaerobic microbial food networks are, like all microbial 
communities, simultaneously shaped by their environment and adapting the very 













2.1 Overview of publications 
Publication 1 
LAMBRECHT, JOHANNES; CICHOCKI, NICOLAS; HÜBSCHMANN, THOMAS; KOCH, 
CHRISTIN; HARMS, HAUKE; MÜLLER, SUSANN. Flow cytometric quantification, 
sorting and sequencing of methanogenic archaea based on F420 
autofluorescence. Microbial Cell Factories 16:180, 2017. 
Significance: This study established the fast, cost-efficient, quantitative 
analysis of hydrogenotrophic methanogenic archaea, key organisms in natural 
and industrial CH4 production, based on their cofactor F420 autofluorescence 
for the first time. The method was applied to a methanogenic enrichment 
culture and biogas producing digester samples, evaluated with different 




LAMBRECHT, JOHANNES; SCHATTENBERG, FLORIAN; HARMS, HAUKE; MÜLLER, 
SUSANN. Characterizing Microbiome Dynamics – Flow Cytometry Based 
Workflows from Pure Cultures to Natural Communities. Journal of Visualized 
Experiments 137, 2018. 
Significance: This video article presents three workflows for flow cytometric 
analysis of 1) microbial pure cultures, 2) complex communities in clear 
medium and 3) complex communities in challenging matrices. It is supposed to 
eliminate the entry barrier to flow cytometric microbiome analysis posed by 
missing information on sample preparation and data analysis pipelines. 
 
 





LAMBRECHT, JOHANNES; CICHOCKI. NICOLAS; SCHATTENBERG. FLORIAN, 
KLEINSTEUBER, SABINE; HARMS, HAUKE; MÜLLER, SUSANN; STRÄUBER, HEIKE. Key 
subcommunity dynamics of medium-chain carboxylate production. Microbial 
Cell Factories 18:92, 2019. 
Significance: In this study the protocols presented in publication 2 are applied 
to an acidogenic, chain elongating microbiome for the first time. Caproate and 
caprylate were produced in a corn silage fed, semi-continuous stirred tank 
reactor. The pH-value was increased stepwise from 5.5 to 7.0 while the 
microbiome dynamics were closely monitored. Key subcommunities were 
identified, sorted and sequenced to elucidate the medium chain length 
carboxylate production from complex, lactate comprising substrate. 
 
2.2 Published articles 
• Publication 1 can be found on page 47. The supplementary information 
originally provided with this publication is given in the appendix on page A3. 
• Publication 2 can be found on page 63. Supplementary information originally 
provided with this publication is given in the appendix on page A19. Additional 
supplementary information in form of an animated dot plot sequence and the 
video-publication is accessible at: 
https://www.jove.com/video/58033/characterizing-microbiome-dynamics-
flow-cytometry-based-workflows 
• Publication 3 can be found on page 81. The supplementary information 
originally provided with this publication is given in the appendix on page A37. 
Additional supplementary information in form of an animated dot plot 









2.2.1 Flow cytometric quantification, sorting and sequencing of 
































































































2.2.2 Characterizing Microbiome Dynamics – Flow Cytometry Based 


























































































































































































































3.1 Extending the community sensor by methanogenic 
autofluorescence 
Publication 1 established the flow cytometric quantification and analysis of 
methanogenic archaea based on their cofactor F420 autofluorescence. If applied 
within the community sensor concept, this approach could enhance the process 
control regime in biogas plants. The underlying flow cytometric measurement 
technique ensures a fast, cost-efficient analysis essential for at-line implementation 
in industrial applications (see 1.6.2). The concept of flow cytometric methanogen 
quantification for process control iterates on the community sensor concept, by 
introducing an additional optical parameter. The two standard parameters 
classically used in cytometric fingerprinting analysis, FSC and DNA content, do not 
specify taxonomy or function by themselves, but are rather descriptive of the cell 
morphology and physiology (i.e. cell growth) and therefore universally applicable 
(see 1.6.2). In contrast, cofactor F420-based autofluorescence is not universally 
applicable but can deliver additional information on general taxonomic affiliation 
and a functional trait. The combination of both approaches promises certain 
benefits, but may also create additional challenges for the implementation of an at-









3.1.1 F420 in different metabolic pathways 
Different methanogenic pathways utilize the electron transporting cofactor F420 in 
different ways and to differing extent. Thus, methanogenic archaea contain highly 
differing concentrations of the fluorescent cofactor (see 1.6.3 and Publication 1). 
The highest concentrations for F420 have been identified in obligate 
hydrogenotrophic methanogens, with much lower titers present in methylotropic 
and acetoclastic methanogens (see 1.2.2, Greening et al., 2016). This distribution 
was reliably confirmed by the flow cytometric analysis, cell sorting and sequencing 
in Publication 1. The F420-positive gates contained almost exclusively obligate 
hydrogenotrophic methanogens, whereas methanogenic organisms in the F420-
negative gates were dominated by the methylotrophic Methanomassiliicoccus 
luminyensis and Methanosarcina mazei capable of using all three methanogenic 
pathways. The F420 positive gates further contained up to 54 times more 
methanogen-specific mcrA reads than the F420-negative ones. These results are not 
specific to the investigated samples, as F420-positive obligate hydrogenotrophic 
methanogens have been shown to dominate microbial communities in industrial 
plants for crop (co)-digestion (Schlüter et al., 2008; Nettmann et al., 2010; Lucas et 
al., 2015). The developed workflow therefore facilitates the quantitative monitoring 
of those methanogens most important for industrial applications. Future advances in 
the rapidly evolving laser technology may additionally allow the reliable 
discrimination and analysis of methanogens performing methylotrophic or 









3.1.2 Stability of the F420 fluorescence 
In contrast to other publications (Schönheit et al., 1981; Kim et al., 2014) this study 
found remarkably constant fluorescence properties of the cofactor F420. The cofactor 
fluorescence was stable up to 26 days and even persisted after the application of 
additional DNA staining (see Publication 1). The following paragraphs introduce the 
three mechanism of potential fluorescence loss, i.e. chemical instability, photo-
instability and quenching. The mechanisms are discussed with regard to the flow 
cytometric approach to elucidate the disparity between published and experimental 
fluorescence stability. The chemical stability of the cofactor was ensured by the fast, 
non-disruptive sample handling in general and the applied staining protocol in 
particular. The choice of the added fluorescent dye was influenced by this 
consideration. The staining protocol for the chosen SYBR Green I requires less 
handling and centrifugations steps and a shorter incubation time than the DAPI 
staining utilized for the classic cytometric fingerprinting (see 1.6.2). In addition 
SYBR Green I maintained its chemical and fluorescence characteristics when 
exposed to the chosen conditions in this study. 
Photo-instability of F420 in aerobic aqueous solution was already reported together 
with the initial characterization of the cofactor (Cheeseman et al., 1972). 
Methanogenic communities investigated by the common microscopic analysis are 
usually exposed to this photolytic combination of aerobic aqueous solution and 
intense light. The resulting photo-instability can significantly complicate the F420-
based microscopic analysis (Kim et al., 2014) and may potentially affect the results 
of microscopic quantification techniques. The high power and sharp focus of the 
laser light sources in flow cytometers could potentially worsen this issue. However, 
possible photo-instability is highly minimized due to the extremely short exposure 
times of 10 µs to 20 µs. The short exposure is accomplished by vertical beam 
 
 




diameters of only 10 µm to 20 µm, which the analyzed cells pass with typical sample 
speeds of 5 ms-1. 
A quenching effect can lead to the loss of fluorescent properties of one or more dyes 
when multiple fluorophores are present in prokaryotic cells. The quenching can be 
caused by 
i) formation of non-fluorescent compounds by chemical bounds between 
fluorophores (static quenching), 
ii) energy transfer between the fluorophores upon direct collision (dynamic 
quenching) or 
iii) energy transfer between the molecules at close proximity through Förster 
resonance energy transfer, (FRET, Förster, 1948; Murphy et al., 2004). 
Apparently, none of the aforementioned mechanisms was relevant as only a minor 
decrease in F420 fluorescence intensity was observed when the cofactor analysis was 
combined with a SYBR Green I staining. This result is particularly remarkable 
because the overlapping F420 and SYBR Green I absorption spectra are the basic 
precondition for FRET quenching. The absence of fluorescence quenching might be 
explained by the spatial separation of the fluorophores in the cell, because FRET is 
only possible at very close proximity. The fluorophores are separated because 
metabolic reactions utilizing cofactor F420 were suggested to be associated to the cell 
membrane (Muth, 1988) and SYBR Green I only shows its strong fluorescent 
properties after binding to double stranded nucleic acids (Dragan et al., 2012). This 
limits potential quenching to a small cell volume because the relatively slow growth 
rates observed in methanogenic archaea (Yun et al., 2017) suggest a compact 
nucleoid most of the time. The size of the cell volume around the nucleoid 
potentially subject to FRET quenching is specific to particular fluorophore pairs but 









3.1.3 F420 in non-methanogenic microorganisms 
The hydride carrier F420 is not unique to methanogenic archaea. It can also be found 
in certain cyanobacteria and high G-C content actinobacteria (Bashiri et al., 2010). 
F420 is part of the tetracycline and lincomycin production chain in the secondary 
metabolism of some Streptomyces species (Ikeno et al., 2006; McCormick et al., 
1982; Peschke et al., 1995; Purwantini et al., 1996; Rhodes et al., 1981). F420 also 
serves as a coenzyme for glucose-6-phosphate-dehydrogenase in Mycobacteria and 
Nocardia species (Purwantini et al., 1996; Purwantini et al., 1997). A F420 precursor 
furthermore serves as a cofactor in DNA-photolyases, which are involved in the DNA 
repair in certain cyanobacteria (Eker et al., 1990; Eker et al., 1988). The genes 
encoding the five known F420 biosynthesis enzymes (cofC, cofD, cofE, cofG and cofH) 
were identified in at least 653 bacterial and 173 archaeal species, which were 
disproportionately abundant in aerated soils (Ney et al., 2016).  
The abundance of the cofactor F420 in parts of the bacterial domain suggests future 
application of the presented method for the flow cytometric identification of the 
respective species. At the same time, potential false positives during the analysis of 
methanogenic archaea in microbial communities are unproblematic because of the 
following reasons. Actinobacteria have been located in biogas reactor digestate 
(Sundberg et al., 2013) but the F420 concentration reported in non-methanogenic 
microorganisms is generally about one fortieth of the highest concentrations in 
methanogens (Isabelle et al., 2002). Exceptions have been only achieved in 
Mycobacterium smegmatis modified by metabolic engineering (Bashiri et al., 2010) 
or cultivated under special conditions (Isabelle et al., 2002). Additionally, 
Mycobacterium smegmatis and other F420-containing Mycobacteria including 
Mycobacterium tuberculosis are known to be highly aerobic and consequently not 
abundant in biogas plants.  
 
 





3.2 Microbiome-based carboxylate production 
In this study, a lab-scale medium chain fatty acid (MCFA) production system was 
established in a stirred tank reactor. The system was fed daily with corn silage and 
the internal pH value was actively managed. The bio-catalytic microbial community 
in the reactor converted the substrate into short chain fatty acids and elongated 
those to the C6 and C8 fatty acids caproate and caprylate. The following section will 
discuss the substrate and product spectra of the process, the key subcommunities 
responsible for catalyzing it and the influence of oxygen on these subcommunities. 
 
3.2.1 Substrate and product spectra 
Odd-numbered fatty acids are elongated by the same mechanism as even-numbered 
compounds (Angenent et al., 2016). However, under conditions chosen in this study 
propionate (C3 min. 0.1 g L-1), valerate (C5 min. 0.07 g L-1) and enanthate (C7 min. 
0.06 g L-1) displayed notably lower concentrations than the even-numbered acids 
acetate (C2), butyrate (C4), caproate (C6) and caprylate (C8). The odd-numbered 
fatty acids only accumulated at the start of the experiment when the production of 
even-numbered MCFAs was not yet fully established and at the end when MCFA 
concentrations declined at pH 7 (C3 max. 2.5 g L-1, C5 max. 1.4 g L-1, C7 max. 
0.9 g L-1, see Supplementary information on Publication 3). Some studies have 
reached higher concentrations of odd-numbered fatty acids when initially producing 
or adding propionate (de Smit et al., 2019). The acrylate pathway converting lactate 
into propionate and acetate is one of the metabolic processes that can contribute to 
the production of odd-numbered fatty acids (Seelinger et al., 2002). The distribution 
of odd- and even-numbered fatty acids can indicate the fermentation reactions 
preceding the chain elongation. Initially commercial MCFA production applications 
 
 




will likely focus on even-numbered MCFAs, because odd-numbered fatty acids can 
be produced from fossil resources, which are still very cost-efficient. However, in the 
medium-term these fossil resources need to be substituted too. 
With both odd- and even-numbered fatty acids longer chained MCFAs promise 
several benefits over shorter chain compounds. The MCFAs’ higher market price and 
easier downstream processing are the most prominent ones. The given benefits 
pertain for even longer chain fatty acids, such as caprate (C10) or laurate (C12). 
Why have they not been biotechnologically produced to date? Neither this study nor 
other publications report the biotechnological production of caprate or longer chain 
fatty acids beyond trace amounts (Angenent et al., 2016). The reason for this chain 
length limitation remains unclear, but several possibly concurrent mechanisms are 
conceivable. The length of the caprylate carbon chains might physically prevent 
access to the active center of one or more of the involved enzymes and thereby 
prevent further elongation. This steric approach is supported by the fact that 
crotonases, enzymes similar to the ones involved in reverse β-oxidation, are reported 
to be very substrate specific (Kim et al., 2014). The increased toxicity and 
hydrophobicity of caprylate might furthermore disrupt the cell metabolism and 
thereby inhibit further chain elongation. When assuming a systemic view, the chain 
length limitation might be explained by the decreasing carbon efficiency of longer 
chain MCFAs when it comes to binding electrons. For longer fatty acids the ratio of 
electrons stored per carbon atom increases less and less with each elongation step 
(see 1.2.3 and 1.4). Finally, the consumption of longer chain fatty acids by members 
of the microbial community cannot be conclusively ruled out. 
The chain length limitation is central to the full understanding and optimization of 
the chain elongation process and its bio-catalytic microbial community. Therefore 
observed substrate and product spectra, as well as the adapted process parameters 








i) the absence of measureable lactate in the digestate, even though the 
substrate and the microbial community provided extensive amounts of the 
chain elongation substrate, 
ii) the presence of ethanol, another chain elongation substrate, at pH values 
below 6.25 and 
iii) the coincidence of steadily decreasing ethanol and steadily increasing 
caprylate concentrations between pH 5.5 and 6.25. 
It can be concluded that lactate, a major substrate for the chain elongation process 
was metabolized irrespective of the selected pH and mainly led to in caproate 
production. Furthermore, the utilization of ethanol seemed to facilitate an additional 
chain elongation step from caproate to caprylate. These observations inspire 
additional questions: Why was ethanol not utilized at lower pH? And why does the 
ethanol utilization at higher pH result in longer chain fatty acids? To the author’s 
knowledge these questions have not been conclusively answered yet. It can be 
speculated that ethanol might only be utilized at higher pH values because the chain 
elongating species using ethanol exhibit a narrower productive pH range. This is true 
for Clostridium kluyveri, the model organism for chain elongation with ethanol 
(Richter et al., 2016). Ethanol usage might facilitate the additional chain elongation 
step and result in longer chain fatty acids because ethanol-based chain elongation 
generates a higher Gibbs free energy change (-82.5 kJ mol-1) than the lactate-based 
pathway (-57.74 kJ mol-1). Both values were defined for the elongation of acetate to 
butyrate under standard conditions (pH 7 between 25 °C and 55 °C, Spirito et al., 
2014). The experiment was not conducted under standard conditions the majority of 
time, but the difference in Gibbs free energy change is considerable and likely to 
persist at lower pH values. Recent studies achieving very high caprylate 
concentrations and specificities by feeding ethanol and acetate in a high ratio 
support this assumption (Kucek et al., 2016; Spirito et al., 2018). 
The established reactor system produced only low concentrations of isomeric fatty 
acids. The gas chromatography was able to distinguish between n-butyrate and 
 
 




i-butyrate, n-valerate and i-valerate, as well as n-caproate and i-caproate. The 
concentrations of the branched compounds did not exceed 0.4 g L-1, 0.3 g L-1 and 
0.07 g L-1, respectively. i-butyrate displayed a steep concentration decrease just after 
the start of the experiment and steadily increased parallel to the increase of the pH 
value. I-valerate showed a similar increase whereas i-caproate was only present at 
pH 7. The i-carboxylates detected in this study may be produced by isomerization of 
unbranched fatty acids (Yu et al., 2004) or elongation of shorter branched fatty acids 
(i-butyrate into i-caproate). They may further originate from branched amino acids, 
such as leucine. Leucine can be converted into i-valerate (Ara et al., 2006) and could 
either be supplied by the corn silage substrate or protein-rich decaying bacterial 
biomass. The latter origin could be tested by future experiments correlating the 
concentrations of branched fatty acids with significant abundance decreases of 
particular subcommunities subsequent to process disturbances that cause cell death. 
 
3.2.2 Identifying key players by applying the community sensor 
In addition to flow cytometric analysis, the chain elongating microbial community 
established reactor system was investigated by two sequencing approaches. Firstly, 
the whole community sequencing analysis provided a general overview of the 
organisms prevailing in the system. Secondly, eight subcommunities strongly 
correlating with caproate or caprylate concentrations were flow cytometrically 
sorted. They were sequenced to further elucidate the composition of key 
subcommunities likely contributing to the MCFA production. A central result of the 
16S rRNA gene amplicon sequencing was the high abundance of lactic acid 
producers, such as Bifidobacterium and Olsenella in both analysis modes. The lactic 
acid producing bacteria are of critical importance to the successful MCFA production 








In accordance to other community based experiments (Kucek et al., 2016; Spirito et 
al., 2018), this study did not identify the classical chain elongation model species 
Clostridium kluyveri or Megasphaera elsdenii or other organisms clearly associated 
with reverse β-oxidation. This result highlights the upcoming challenges connected 
to the MCFA production: 
i) Continued investigation of microbial communities performing reverse β-
oxidation is necessity to clearly identify the responsible species. 
ii) A marker system that facilitates this identification needs to be developed. 
In contrast to the mcrA marker for methanogenesis, no functional gene marker has 
been established for the chain elongation process. The establishment of such a 
marker gene is complicated by the resemblance of enzymes of the reverse β-
oxidation and the regular β-oxidation, which is central to many prokaryotes and 









3.2.3 The influence of oxygen on the microbial community 
The bioreactor setup used for MCFA production was designed to ensure anoxic 
conditions for the contained microbial community. However, the daily feeding of 
aerated substrate and potential gas leaks along the shaft of the agitation system 
created micro-oxic conditions in the system. The oxygen concentration generally 
stayed well below 1% but peaked a 5% on two days. The subcommunity sequencing 
detected the presence of a strictly aerobic Phyllobacterium genus in the community. 
The lactic acid bacteria, such as the highly abundant Bifidobacterium, whose lactate 
provision was critical to the MCFA production, are generally tolerant to low 
concentrations of oxygen (Ah et al., 2007). The micro-aerobic conditions in the 
reactor might have therefore provided a selective pressure in favor of the lactate 
producers that consequently resulted in enhanced MCFA production. 
Micro-oxic conditions in the reactor have further implications for a potential large 
scale MCFA production. Additional degassing for substrate and process water is 
unnecessary. However, beyond the substrate input the oxygen levels would need to 
be more tightly controlled than in the present study. The controlled bubble-free 
addition of very small amounts of oxygen into bioreactors has been implemented 
with membranes in the past (Grootjen et al., 1990). Such a micro-aeration concept 
has successfully enhanced the yields in other biotechnological processes (Hoppe et 
al., 1984; Dellweg et al., 1989; Durnin et al., 2009). The control of the micro-
aeration could be a textbook application of the community sensor concept. The 
cause-effect relationship between easily detectable subcommunities and the 
production yield is clear. The abundance decrease of defined lactic acid containing 
subcommunities below a preset threshold could be used as a trigger signal for the 
micro-aeration system.   
 
 





3.3 The community sensor concept in biotechnological 
application 
This section will discuss three major aspects of the community sensor application in 
biotechnological processes: 
i) its applicability to different process operation modes and reactor types, 
ii) its temporal resolution optima and 
iii) its potential for predictive process model parametrization. 
 
3.3.1 The community sensor in different processes 
Chemical and biotechnological production processes can be classified according to 
the used reactor type and their mode of operation. The reactor type classification 
includes the stirred tank, tank cascade and plug flow tube reactors. The operational 
modes include batch, fed-batch, continuous, semi-continuous and chemostat 
processes. These classifications are of theoretical nature and have largely been 
developed for chemical processes engineering (Winterbottom et al., 1999). Real 
world bioprocesses applications might be hybrid forms or represent transitions 
between different modes. The theoretical groundwork of the community sensor 
concept is based on a complex microbial community acting as a bio-catalyst in a 
continuous stirred tank reactor. However, it is applicable to other process types and 
will show distinct characteristics, benefits and drawbacks with each of them. 
Starting with different operational modes, these features are reviewed shortly in the 
following. 
Batch processes are characterized by the time-sequential charge, conversion and 
discharge operations in one process cycle. The nature of batch processes renders 
community-sensor-controlled feeding obsolete. However, a community could control 
 
 




other parameters, such as temperature or pH value. It could furthermore be utilized 
as a tool for process optimization when only the most diverse or structurally constant 
community of several parallel batches is chosen for inoculating the next series of 
batches. 
Fed-batch processes are characterized by the addition of substrate after a classic 
batch period. Finally, the reactor is discharged and the batch period is started anew. 
In this mode of operation, the state of the microbial community can be used to 
individually control timing and volume of the substrate addition. Batch and fed-
batch systems are usually not designed for regular sampling and might require 
adaptions of the reactor vessel. 
Continuous processes are characterized by sustained operation, as well as sustained 
charge and discharge from the reactor. Composition and or volume of charge and 
discharge can change and may result in varying filling levels. This classic application 
of the community sensor is exemplified by reactor vessels in a waste water treatment 
plant (Günther et al., 2012). Community sensor assisted control of a continuous 
process can be implemented comparatively easily because the continuous time 
dimension results in comprehensible cause and effect relationships. These 
relationships can be analyzed with established bioinformatics tools (Günther et al., 
2016) to exploit them for process control. 
Semi-continuous processes are characterized by sustained operation with charge and 
discharge at discrete times. This process mode was realized with daily feeding in the 
lab scale MCFA production described in Publication 3. The community sensor can be 
of particular interest for these processes, as the microbial community dynamic can 
be used to investigate and control the system in two different timescales. The 
community could be analyzed: 
i) in between feeding intervals, which could then vary depending on the 
community structure or 
ii) over several feeding intervals displaying the long term community dynamic. 
 
 




The comparison of several consecutive community structures sampled just before the 
feeding events can provide information about the steady or non-steady state of the 
community. Significantly different community structures between these time points 
indicate a community shift that can be followed up as a long-term trend and might 
induce a control input for the process parameters. The comparison of community 
structures right before and after a feeding event can additionally provide 
information about the microbial community composition of non-sterile substrates. 
A chemostat process is a continuous operation characterized by a steady composition 
and volume of charge and discharge tuned to guarantee a steady filling level. The 
concentration of the limiting substrate in the discharge will always return to the 
same steady state even if the concentration in the influx is changed. Other process 
parameters are also kept steady. The steady process parameters in a chemostat 
render the process control function of the community sensor obsolete. However, the 
community sensor can be valuable for its monitoring capabilities because microbial 
communities in a chemostat are not necessarily steady (Liu et al., 2019). The 
community sensor can uncover potential dynamics induced by night-day-cycles, 
predator-prey-relations or even stochastic community drift. The aforementioned 
operational modes are usually performed in stirred tank reactors. The community 
sensor might also be applied in alternative reactor types, such as reactor cascades or 
tube reactors. 
A stirred tank reactor cascade consists of two or more linked stirred tank reactors 
and feeds the discharged volume of one reactor into the following. If used for a 
single reaction step, this system results in increasing degrees of substrate conversion 
after each individual reactor. Furthermore, it is often utilized to separate multistep 
reactions, such as hydrolysis and methanogenesis (Perot et al., 1989). In a reactor 
cascade, the community sensor would be implemented with one sampling point per 
reactor. This architecture allows community-based control of the flow rates between 
the reactors. Flow rates adapted with regard to the community composition result in 
 
 




optimized retention times that reflect the different generation times of the 
communities in the individual vessels. 
Plug flow tube reactors are theoretically described as an infinite number of linked 
stirred tank reactors and are characterized by the spatial heterogeneity along their 
axis. This reactor type adds spatial resolution to the temporal dimension considered 
in the other systems (see 3.3.2). Multiple sampling ports need to be installed along 
the reactor axis to thoroughly monitor the system. This increases hardware 
complexity and data analysis effort. However, combining temporal and spatial 
community structure information can yield more detailed information about the 
reaction kinetics and hydrodynamic properties in the monitored system. 
The community sensor can be applied in both, open systems (see Publication 3) as 
well as closed systems (Liu et al., 2019). Microbial communities in open systems are 
subject to constant or intermittent influx of microorganisms. Closed systems are 
isolated from the environment and fed with sterile substrate. In addition to complex 
microbial communities, the community sensor can be used in bioprocesses based on 
co- or pure-culture bio-catalysts. In this case, the number of subcommunities, 
represented by gates, will generally be smaller. However, even individual species 
show different phenotypes with different catalytic capabilities that are clearly 
distinguishable by flow cytometry and therefore detectable by the community 
sensor. Possible applications include: 
i) the proliferation phases or aging stages of brewing yeast that can be 
investigated by flow cytometry and affect process performance, 
ii) the production of spores by microorganisms clearly detectable by the 
community sensor and generally unintended in bioprocesses and 
iii) processes with separated biomass production and catalytic stages that allow 
clear distinction of growing and producing organisms. 
The community sensor concept is not limited to classic bioprocess applications. It 
could principally be utilized with all potentially dynamic microbial communities that 
 
 




provide a defined service and are dependent on controllable environmental 
parameters. Conceivable use cases include: 
i) environmental engineering, where the remediation of a polluted waterbody 
depends on external nutrient supply and fresh water influx, 
ii) biohydrometallurgy, where the microbial communities used to leach metals 
from ore depend on temperature and pH value and 
iii) medicine, where the human microbiome is responsible for a multitude of 
functions and depends on parameters like diet, stress and diseases. 
 
3.3.2 How short should the interval in short-interval sampling be? 
The close monitoring of microbial community dynamics is vital to the community 
sensor concept. It requires the transition away from the prevalent snap-shot analysis 
approach that only depicts the community structure in isolated states. The snap-shot 
time points are usually chosen during stable conditions of an ecosystem or at the end 
of the steady state period of a bioreactor to maximize their descriptive power. In 
contrast, the community sensor requires analyses focused on the transitional periods 
to capture changes of the microbial community. The velocity of these changes 
depends on the generation time of the organisms in the investigated system. 
However, the generation times between different microbial communities, as well as 
within one community can vary over three orders of magnitude (below 0.5 h to over 
500 h, Gibson et al., 2018). Additionally, generation times, can either be highly 
susceptible to change with varying environmental conditions or plainly unknown. 
Therefore an alternative factor for determining the sampling and maximizing the 
benefit of the samplings needs to be chosen. This study used the hydraulic retention 
time of the sampled reactor. The hydraulic retention time marks the minimum 
doubling time a species needs to sustain in a continuous system over longer periods. 
If a species grows slower, it will eventually be washed out. Thus, the sampling 
interval should generally be equal or shorter than the hydraulic retention time. The 
 
 




sampling interval may be shortened to closely cover critical points of operation. 
These points include anticipated disturbances or operational modes that have been 
found to be problematic in the past, such as substrate and temperature changes or an 
emerging acidification. 
 
3.3.3 Potential of the community sensor’s quantitative analyses mode 
Carbon and electron balances are of utmost importance for process development, 
optimization, and upscaling. They treat the catalytic biomass as a black box system 
and focus on precisely defining influx and outflow of the system. A typical reaction 
balance considers the substrates, the products and the potential in- and outflows of 
gases. Whole cell bioprocesses additionally contain vital bacterial biomass that 
grows or at the very least requires maintenance energy. Thus, calculating carbon 
balances requires information on the amount of biomass present and generated in 
the process. The biomass is generally assumed to comprise the main elements in a 
ratio of C:H:O:N = 1:1.8:0.5:0.2 in E.coli and in slightly altered composition in other 
taxa (Stockar et al., 1999). These simplifications can provide only limited 
explanatory power with regard to more sophisticated metabolic research. Complex 
models that include inter-species transport or even flux balance analysis for complex 
intra-cell conversions have been applied to cover the shortcomings of classic mass 
and energy balances. However, when applied in complex sample matrices these 
approaches aggravate the biomass quantification dilemma, as they require 
additional information on species function. For instance, the classic ADM1 model 
describes material flows in the anaerobic digestion and methanogenesis and needs 
to be parametrized with information about the ratios of active hydrolyzing, 
fermentative, and CH4 producing species in the system (Batstone et al., 2002). The 
general direction and magnitude of the material flows have been comprehensively 
described in the past. However, the exact functional affiliation of biomass may vary 
substantially between applications. The investigation of these functional affiliations 
 
 




can be problematic, as most molecular biology methods are not truly quantitative 
and some individual taxa can catalyze different reactions depending on the 
circumstances. Activity-based analysis methods such as transcriptomics, proteomics 
and metabolomics are usually resource intensive, as well as slow, delicate and 
challenging to conduct in a complex sample matrix. The quantitative nature of flow 
cytometric measurements and the established analysis pipeline can aid with the 
model-based description, optimization and control of individual plants. This 
description can be even more detailed if the functional affiliation of biomass can be 
linked to an optical parameter. The cofactor F420 fluorescence in methanogenic 
archaea is such a parameter (see 3.2 and 3.4.1). 
 
3.4 Conclusion and future prospects 
3.4.1 Potential of the F420-based methanogen identification 
The ongoing technical advances in laser development and rising competition 
between producing companies are drastically improving the availability and 
reducing the cost of less demanded laser wavelengths. This might result in a cost 
reduction of cytometers equipped with lasers emitting at exactly 420 nm, the 
excitation maximum of the cofactor F420. These instruments could facilitate even 
better autofluorescence resolutions and enable a more gradual classification of 
cofactor F420 fluorescence compared to the binary fluorescent vs. non-fluorescent 
distinction applied to date. Earlier studies have shown that such a gradual 
distinction could be very promising, as alternating autofluorescence intensity can be 
used as a measure for activity of the methanogenic pathway (Heine-Dobbernack et 
al., 1988) and the cofactor F420 concentration in methanogens depends on the 
substrate (Peck, 1989). 
 
 




In addition to activity measurements and substrate studies, a precise classification of 
F420 fluorescence could be used to differentiate methanogenic species with different 
methanogenic pathways or to identify the currently active methanogenic pathway in 
metabolically flexible species, such as Methanosarcina mazei. An indication for the 
validity of the latter approach is provided by the presence of Methanosarcina in both 
the F420-positive and negative gates in this study. The two populations were well 
segregated from each other in the dot plots and had likely performed different 
methanogenic pathways. The F420-based segregation of methanogens might facilitate 
the direct investigation of metabolic activity in methanogenic microbial 
communities. It could further help to assign active biomass to a specific pathway in 
flux balance models of the anaerobic food network (see 1.2).  
The .fcs-files and dot plots generated with enhanced flow cytometric F420 
fluorescence measurements can easily be fed into semiautomatic data processing 
workflows like Flow FP (De Roy et al., 2012), flowCHIC (Koch et al., 2013) or 
flowCyBar (Koch et al., 2013). These tools could visualize the intensity of different 
methanogenic pathways distinguished by their fluorescence and correlate 
subcommunity abundances plus abiotic and process parameters. The combination of 
a robust, one purpose, online flow cytometer (Besmer et al., 2014) and automated 
data processing software might further generate process failure warnings or even 
input for an automated process control unit. 
 
3.4.2 Combining MCFA production and flexible biogas production 
An automated control unit like described above could also benefit the combined 
operation of the two major process applications presented in this study, MCFA and 
flexible biogas production. The combination of these two approaches promises to be 
particularly advantageous in an integrated biorefinery utilizing the waste products of 
one process to generate value-added products in another. If such a plant is further 
able to control its material and energy streams dynamically, it could maximize its 
 
 




revenue and minimize its ecological footprint by adapting its operation according to 
fluctuating market demand and seasonal substrate availability. 
The first stage in such a combined flexible plant would be the large scale production 
of MCFAs. The associated downstream processing is projected to contain (internal 
project planning): 
i) a solid liquid separation, such as a decanter centrifuge, 
ii) a subsequent microfiltration to remove small substrate residuals, 
iii) an extraction step to separate the watery fermentation solution and the fatty 
acids and 
iv) a distillation step to fractionate different chain length fatty acids. 
The obtained caproate and caprylate fractions can be further refined and would 
realize 4500 - 5500 $ and 5200 - 6000 $ per ton, respectively (99% grade, May 
2019, own market study). A substantial amount of short chain fatty acids will be 
extracted together with the MCFAs. Acetate and butyrate are present in the digestate 
with up to 14.1 g L-1 and 5.6 g L-1, respectively. Depending on the market situation, 
they could, in principle be marketed too. However, they are generally traded at 
lower prices and would instead be recirculated into the MCFA production vessel to 
be elongated into more valuable products. 
The combination of MCFA and biogas production offers an additional usage scenario 
for short chain fatty acids ( 
Figure 13). An adjunct biogas reactor would normally utilize the residual non-
degraded solid waste biomass, separated in the first step of the downstream 
processing to produces biogas, heat and electricity with a consistent baseline load. 
The extracted short chain fatty acids can be spiked into the biogas reactor to increase 
biogas volume and CH4 content rapidly. The surplus CH4 is converted into electricity 
in the combined heat and power plant to meet fluctuating demand or buffer volatile 
wind or solar power production with low latency. In Germany, the provision of 
flexible renewable energy is politically incentivized by a flexibility bonus, which is 
granted per installed “flexible kWh” and was first established in the Renewable 
 
 




Energies Act (EEG) 2012 (§§ 33a to 33i EEG 2012). Additionally, biogas plant 
operators were obliged to directly market their energy production in the 2014 
amendment (§§34 to 36 EEG 2014). This is done on the joint west and middle 
European electricity market EPEX that provides intraday spot markets with 30 min 
and 15 min contracts, as well as a control energy market. By dynamically assigning 
capacity to these markets when demand and prices are high, plant operators 
maximize their returns and help integrating more volatile renewable energy carriers 
into the electrical grid. The flexible feeding approach can at the same time 





Figure 13: Schematic illustration of the material and energy flows in a combined 
plant for medium chain carboxylate and bio-energy production. Constant flows are 
shown with regular arrows. Potentially changing flows are shown with dashed and 
dotted lines. The short-chain carboxylates produced in the acidogenic fermenter are 
separated from the fermenter waste as one fraction. They would be recirculated to 
act as substrate for the reverse β-oxidation (dashed line) but can also be spiked into 
the methanogenic digester to quickly enhance biogas formation (dotted line). The 
surplus biogas is also converted in the combined heat and power unit (CHP) to 













The following list refers to the Introduction and Discussion section. The references 
cited in each of the publications are indicated at the end of the corresponding 
section. There might be overlaps between the bibliographies.  
AGLER, M.T., SPIRITO, C.M., USACK, J.G., WERNER, J.J., ANGENENT, L.T. Development of 
a highly specific and productive process for n-caproic acid production: applying lessons 
from methanogenic microbiomes. Water Sci Technol 69 (1): 62–68, 2014. 
AGLER, M.T., WRENN, B.A., ZINDER, S.H., ANGENENT, L.T. Waste to bioproduct 
conversion with undefined mixed cultures: the carboxylate platform. Trends Biotechnol 29 
(2): 70–78, 2011. 
AH, U. VON, MOZZETTI, V., LACROIX, C., KHEADR, E.E., FLISS, I., MEILE, L. Classification 
of a moderately oxygen-tolerant isolate from baby faeces as Bifidobacterium 
thermophilum. BMC Microbiol 7 (1): 79, 2007. 
ANDERSEN, S.J., DE GROOF, V., KHOR, W.C., ROUME, H., PROPS, R., COMA, M., RABAEY, 
K. A Clostridium Group IV Species Dominates and Suppresses a Mixed Culture 
Fermentation by Tolerance to Medium Chain Fatty Acids Products. Front Bioeng 
Biotechnol 5 8, 2017. 
ANGENENT, L.T., RICHTER, H., BUCKEL, W., SPIRITO, C.M., STEINBUSCH, K.J.J., PLUGGE, 
C.M., STRIK, D.P.B.T.B., GROOTSCHOLTEN, T.I.M., BUISMAN, C.J.N., HAMELERS, H.V.M. 
Chain Elongation with Reactor Microbiomes: Open-Culture Biotechnology To Produce 
Biochemicals. Environ Sci Technol 50 (6): 2796–2810, 2016. 
ARA, K., HAMA, M., AKIBA, S., KOIKE, K., OKISAKA, K., HAGURA, T., KAMIYA, T., 
TOMITA, F. Foot odor due to microbial metabolism and its control. Can J Microbiol 52 (4): 
357–364, 2006. 
BARKER, H.A., KAMEN, M.D., BORNSTEIN, B.T. The synthesis of butyric and caproic acids 
from ethanol and acetic acid by Clostridium kluyveri. Proc Natl Acad Sci U S A 31 (12): 
373, 1945. 
BASHIRI, G., REHAN, A.M., GREENWOOD, D.R., DICKSON, J.M.J., BAKER, E.N. Metabolic 








BATSTONE, D.J., KELLER, J., ANGELIDAKI, I., KALYUZHNYI, S.V., PAVLOSTATHIS, S.G., 
ROZZI, A., SANDERS, W.T.M., SIEGRIST, H., VAVILIN, V.A. The IWA Anaerobic Digestion 
Model No 1(ADM 1). Water Sci Technol 45 (10): 65–73, 2002. 
BESMER, M.D., WEISSBRODT, D.G., KRATOCHVIL, B.E., SIGRIST, JÃ¼.A., WEYLAND, M.S., 
HAMMES, F. The feasibility of automated online flow cytometry for in-situ monitoring of 
microbial dynamics in aquatic ecosystems. Front Microbiol 5 265, 2014. 
BOONE, D.R., MAH, R.A. Methanosarcina. Bergeys Man Syst Archaea Bact 1–15, 2015. 
BOUVIER, T., GIORGIO, P.A. Factors influencing the detection of bacterial cells using 
fluorescence in situ hybridization (FISH): A quantitative review of published reports. 
FEMS Microbiol Ecol 44 (1): 3–15, 2013. 
BOYANOVA, L. Direct Gram staining and its various benefits in the diagnosis of bacterial 
infections. Postgrad Med 130 (1): 105–110, 2018. 
BRONNER, I.F., QUAIL, M.A., TURNER, D.J., SWERDLOW, H. Improved protocols for 
illumina sequencing. Curr Protoc Hum Genet 18 (1): 18–2, 2014. 
CAMPANARO, S., TREU, L., KOUGIAS, P.G., DE FRANCISCI, D., VALLE, G., ANGELIDAKI, I. 
Metagenomic analysis and functional characterization of the biogas microbiome using 
high throughput shotgun sequencing and a novel binning strategy. Biotechnol Biofuels 9 
(1): 26, 2016. 
CARLSON, K.M., CURRAN, L.M., ASNER, G.P., PITTMAN, A.M., TRIGG, S.N., MARION 
ADENEY, J. Carbon emissions from forest conversion by Kalimantan oil palm plantations. 
Nat Clim Change 3 (3): 283–287, 2013. 
CHEESEMAN, P., TOMS-WOOD, A., WOLFE, R.S. Isolation and Properties of a Fluorescent 
Compound, Factor420, from Methanobacterium Strain M.o.H. J Bacteriol 112 (1): 527–
531, 1972. 
CHEN, W.-S., STRIK, D.P.B.T.B., BUISMAN, C.J.N., KROEZE, C. Production of Caproic Acid 
from Mixed Organic Waste: An Environmental Life Cycle Perspective. Environ Sci 
Technol 51 (12): 7159–7168, 2017. 
CONRAD, R., WETTER, B. Influence of temperature on energetics of hydrogen metabolism 
in homoacetogenic, methanogenic, and other anaerobic bacteria. Arch Microbiol 155 (1): 
94–98, 1990. 
COSTA, K.C., LEIGH, J.A. Metabolic versatility in methanogens. Curr Opin Biotechnol 29 
70–75, 2014. 
COSTA, K.C., LIE, T.J., JACOBS, M.A., LEIGH, J.A. H2-Independent Growth of the 







DANIEL‐GROMKE, J., RENSBERG, N., DENYSENKO, V., STINNER, W., SCHMALFUß, T., 
SCHEFTELOWITZ, M., NELLES, M., LIEBETRAU, J. Current Developments in Production and 
Utilization of Biogas and Biomethane in Germany. Chem Ing Tech 90 (1-2): 17–35, 2018. 
DELLWEG, H., RIZZI, M., KLEIN, C. Controlled limited aeration and metabolic regulation 
during the production of ethanol from D-xylose by Pichia stipitis. J Biotechnol 12 (2): 
111–122, 1989. 
DEMIREL, B., SCHERER, P. The roles of acetotrophic and hydrogenotrophic methanogens 
during anaerobic conversion of biomass to methane: a review. Rev Environ Sci Biotechnol 
7 (2): 173–190, 2008. 
DEPPENMEIER, U. The unique biochemistry of methanogenesis in: Progress in Nucleic Acid 
Research and Molecular Biology. Conn, M. (Ed). Academic Press, pp 223–283, 2002. 
DING, H.-B., TAN, G.-Y.A., WANG, J.-Y. Caproate formation in mixed-culture fermentative 
hydrogen production. Bioresour Technol 101 (24): 9550–9559, 2010. 
DRAGAN, A.I., PAVLOVIC, R., MCGIVNEY, J.B., CASAS-FINET, J.R., BISHOP, E.S., STROUSE, 
R.J., SCHENERMAN, M.A., GEDDES, C.D. SYBR Green I: fluorescence properties and 
interaction with DNA. J Fluoresc 22 (4): 1189–1199, 2012. 
DUDLEY, B. BP Statistical Review of World energy (No. 68). BP p.l.c., London, 2019. 
DURNIN, G., CLOMBURG, J., YEATES, Z., ALVAREZ, P.J., ZYGOURAKIS, K., CAMPBELL, P., 
GONZALEZ, R. Understanding and harnessing the microaerobic metabolism of glycerol in 
Escherichia coli. Biotechnol Bioeng 103 (1): 148–161, 2009. 
DZIEWIT, L., PYZIK, A., ROMANIUK, K., SOBCZAK, A., SZCZESNY, P., LIPINSKI, L., 
BARTOSIK, D., DREWNIAK, L. Novel molecular markers for the detection of methanogens 
and phylogenetic analyses of methanogenic communities. Front Microbiol 6, 2015. 
EIRICH, L.D., VOGELS, G.D., WOLFE, R.S. Distribution of coenzyme F420 and properties of 
its hydrolytic fragments. J Bacteriol 140 (1): 20–27, 1979. 
EKER, A.P., KOOIMAN, P., HESSELS, J.K., YASUI, A. DNA photoreactivating enzyme from 
the cyanobacterium Anacystis nidulans. J Biol Chem 265 (14): 8009–8015, 1990. 
EKER, A.P.M., HESSELS, J.K.C., VAN DE VELDE, J. Photoreactivating enzyme from the 
green alga Scenedesmus acutus. Evidence for the presence of two different flavin 
chromophores. Biochemistry (Mosc) 27 (5): 1758–1765, 1988. 
ENGELBREKTSON, A., KUNIN, V., WRIGHTON, K.C., ZVENIGORODSKY, N., CHEN, F., 
OCHMAN, H., HUGENHOLTZ, P. Experimental factors affecting PCR-based estimates of 
microbial species richness and evenness. ISME J 4 (5): 642–647, 2010. 
FERNANDO, S., ADHIKARI, S., CHANDRAPAL, C., MURALI, N. Biorefineries: Current Status, 







FIELD, C.B. Primary Production of the Biosphere: Integrating Terrestrial and Oceanic 
Components. Science 281 (5374): 237–240, 1998. 
FÖRSTER, T. Zwischenmolekulare Energiewanderung und Fluoreszenz. Ann Phys 437 (1-
2): 55–75, 1948. 
GENTHNER, B.R., DAVIS, C.L., BRYANT, M.P. Features of Rumen and Sewage Sludge 
Strains of Eubacterium limosum, a Methanol- and H2-CO2-Utilizing Species. Appl Env 
Microbiol 42 (1): 12–19, 1981. 
GIBSON, B., WILSON, D.J., FEIL, E., EYRE-WALKER, A. The distribution of bacterial 
doubling times in the wild. Proc R Soc B Biol Sci 285 (1880): 20180789, 2018. 
GREENING, C., AHMED, F.H., MOHAMED, A.E., LEE, B.M., PANDEY, G., WARDEN, A., 
SCOTT, C., OAKSHOTT, J.G., TAYLOR, M.C., JACKSON, C.J. F420- and Fo-dependent redox 
reactions: physiology, biochemistry, and applications. Microbiol Mol Biol Rev 80 (2): 451 
– 493, 2016. 
GROOTJEN, D.R.J., VAN DER LANS, R., LUYBEN, K.C.A. Controlled addition of small 
amounts of oxygen with membranes. Biotechnol Tech 4 (3): 149–154, 1990. 
GÜNTHER, S., FAUST, K., SCHUMANN, J., HARMS, H., RAES, J., MÜLLER, S. Species-sorting 
and mass-transfer paradigms control managed natural metacommunities. Environ 
Microbiol 18 (12): 4862–4877, 2016. 
GÜNTHER, S., KOCH, C., HÜBSCHMANN, T., RÖSKE, I., MÜLLER, R.A., BLEY, T., HARMS, H., 
MÜLLER, S. Correlation of community dynamics and process parameters as a tool for the 
prediction of the stability of wastewater treatment. Environ Sci Technol 46 (1): 84–92, 
2012. 
GUTLEBEN, J., CHAIB DE MARES, M., VAN ELSAS, J.D., SMIDT, H., OVERMANN, J., SIPKEMA, 
D. The multi-omics promise in context: from sequence to microbial isolate. Crit Rev 
Microbiol 44 (2): 212–229, 2018. 
HANDELSMAN, J. Metagenomics: application of genomics to uncultured microorganisms. 
Microbiol Mol Biol Rev 68 (4): 669–685, 2004. 
HARNISCH, F., URBAN, C. Elektrobioraffinerien: Synergien zwischen elektrochemischen 
und mikrobiologischen Stoffumwandlungen nutzbar machen. Angew Chem 130 (32): 
10168–10175, 2018. 
HARTMANN, M., WIDMER, F. Reliability for detecting composition and changes of 
microbial communities by T-RFLP genetic profiling. FEMS Microbiol Ecol 63 (2): 249–
260, 2008. 
HATTORI, S. Syntrophic acetate-oxidizing microbes in methanogenic environments. 







HAYNES, W.M. CRC Handbook of Chemistry and Physics, 97th ed, CRC Handbook of 
Chemistry and Physics. CRC Press, Boca Raton, 2016. 
HEINE-DOBBERNACK, E., SCHOBERTH, S.M., SAHM, H. Relationship of intracellular 
coenzyme F420 content to growth and metabolic activity of Methanobacterium bryantii and 
Methanosarcina barkeri. Appl Environ Microbiol 54 (2): 454–459, 1988. 
HENDRICKSON, E.L., LEIGH, J.A. Roles of Coenzyme F420-Reducing Hydrogenases and 
Hydrogen- and F420-Dependent Methylenetetrahydromethanopterin Dehydrogenases in 
Reduction of F420 and Production of Hydrogen during Methanogenesis. J Bacteriol 190 
(14): 4818–4821, 2008. 
HERRMANN, G., JAYAMANI, E., MAI, G., BUCKEL, W. Energy Conservation via Electron-
Transferring Flavoprotein in Anaerobic Bacteria. J Bacteriol 190 (3): 784–791, 2008. 
HOPPE, G.K., HANSFORD, G.S. The effect of micro-aerobic conditions on continuous 
ethanol production by Saccharomyces cerevisiae. Biotechnol Lett 6 (10): 681–686, 1984. 
HUANG, C.B., ALIMOVA, Y., MYERS, T.M., EBERSOLE, J.L. Short- and medium-chain fatty 
acids exhibit antimicrobial activity for oral microorganisms. Arch Oral Biol 56 (7): 650–
654, 2011. 
IKENO, S., AOKI, D., HAMADA, M., HORI, M., TSUCHIYA, K.S. DNA Sequencing and 
Transcriptional Analysis of the Kasugamycin Biosynthetic Gene Cluster from Streptomyces 
kasugaensis M338-M1. J Antibiot (Tokyo) 59 18–28, 2006. 
ISABELLE, D., SIMPSON, D.R., DANIELS, L. Large-Scale Production of Coenzyme F420-5,6 
by Using Mycobacterium smegmatis. Appl Environ Microbiol 68 (11): 5750–5755, 2002. 
JEON, B.S., KIM, B.-C., UM, Y., SANG, B.-I. Production of hexanoic acid from d-galactitol 
by a newly isolated Clostridium sp. BS-1. Appl Microbiol Biotechnol 88 (5): 1161–1167, 
2010. 
JIN, J., QIN, Q., GUO, H., LIU, S., GE, S., ZHANG, H., CUI, J., REN, F. Effect of Pre-Stressing 
on the Acid-Stress Response in Bifidobacterium Revealed Using Proteomic and 
Physiological Approaches. PLOS ONE 10 (2): e0117702, 2015. 
KAMM, B., KAMM, M. Principles of biorefineries. Appl Microbiol Biotechnol 64 (2): 137–
145, 2004. 
KASTER, A.-K., MOLL, J., PAREY, K., THAUER, R.K. Coupling of ferredoxin and 
heterodisulfide reduction via electron bifurcation in hydrogenotrophic methanogenic 
archaea. Proc Natl Acad Sci 108 (7): 2981–2986, 2011. 
KENEALY, W.R., CAO, Y., WEIMER, P.J. Production of caproic acid by cocultures of 
ruminal cellulolytic bacteria and Clostridium kluyveri grown on cellulose and ethanol. 







KENEALY, W.R., WASELEFSKY, D.M. Studies on the substrate range of Clostridium 
kluyveri; the use of propanol and succinate. Arch Microbiol 141 (3): 187–194, 1985. 
VAN KESSEL, J.A.S., RUSSELL, J.B. The effect of pH on ruminal methanogenesis. FEMS 
Microbiol Ecol 20 (4): 205–210, 1996. 
KIM, E.-J., KIM, Y.-J., KIM, K.-J. Structural insights into substrate specificity of crotonase 
from the n-butanol producing bacterium Clostridium acetobutylicum. Biochem Biophys 
Res Commun 451 (3): 431–435, 2014. 
KIM, Y.S., WESTERHOLM, M., SCHERER, P. Dual investigation of methanogenic processes 
by quantitative PCR and quantitative microscopic fingerprinting. FEMS Microbiol Lett 
360 (1): 76–84, 2014. 
KOCH, C., FETZER, I., HARMS, H., MÜLLER, S. CHIC-an automated approach for the 
detection of dynamic variations in complex microbial communities. Cytometry A 83A (6): 
561–567, 2013. 
KOCH, C., FETZER, I., SCHMIDT, T., HARMS, H., MÜLLER, S. Monitoring Functions in 
Managed Microbial Systems by Cytometric Bar Coding. Environ Sci Technol 47 (3): 
1753–60, 2013. 
KOCH, C., GÜNTHER, S., DESTA, A.F., HÜBSCHMANN, T., MÜLLER, S. Cytometric 
fingerprinting for analyzing microbial intracommunity structure variation and identifying 
subcommunity function. Nat Protoc 8 (1): 190–202, 2013. 
KOCH, C., MÜLLER, S., HARMS, H., HARNISCH, F. Microbiomes in bioenergy production: 
From analysis to management. Curr Opin Biotechnol 27 65–72, 2014. 
KONSTANTINIDIS, K.T., ROSSELLÓ-MÓRA, R., AMANN, R. Uncultivated microbes in need of 
their own taxonomy. ISME J 11 (11): 2399, 2017. 
KUCEK, L.A., SPIRITO, C.M., ANGENENT, L.T. High n-caprylate productivities and 
specificities from dilute ethanol and acetate: chain elongation with microbiomes to 
upgrade products from syngas fermentation. Energy Env Sci 9 (11): 3482–3494, 2016. 
KUCZYNSKI, J., LAUBER, C.L., WALTERS, W.A., PARFREY, L.W., CLEMENTE, J.C., GEVERS, 
D., KNIGHT, R. Experimental and analytical tools for studying the human microbiome. Nat 
Rev Genet 13 (1): 47–58, 2011. 
KUZNETSOV, Y.I., IBATULLIN, K.A. On the inhibition of the carbon dioxide corrosion of 
steel by carboxylic acids. Prot Met 38 (5): 439–444, 2002. 
LABATUT, R.A., ANGENENT, L.T., SCOTT, N.R. Conventional mesophilic vs. thermophilic 








LACKNER, N., HINTERSONNLEITNER, A., WAGNER, A.O., ILLMER, P. Hydrogenotrophic 
Methanogenesis and Autotrophic Growth of Methanosarcina thermophila. Archaea 2018 
1–7, 2018. 
LAMBRECHT, J., CICHOCKI, N., SCHATTENBERG, F., KLEINSTEUBER, S., HARMS, H., 
MÜLLER, S., STRÄUBER, H. Key sub-community dynamics of medium-chain carboxylate 
production. Microb Cell Factories 18 (1): 92, 2019. 
LI, F., HINDERBERGER, J., SEEDORF, H., ZHANG, J., BUCKEL, W., THAUER, R.K. Coupled 
Ferredoxin and Crotonyl Coenzyme A (CoA) Reduction with NADH Catalyzed by the 
Butyryl-CoA Dehydrogenase/Etf Complex from Clostridium kluyveri. J Bacteriol 190 (3): 
843–850, 2008. 
LIU, B., POP, M. Identifying Differentially Abundant Metabolic Pathways in Metagenomic 
Datasets in: Bioinformatics Research and Applications. Borodovsky, M., Gogarten, J.P., 
Przytycka, T.M., Rajasekaran, S. (Eds). Springer Berlin Heidelberg, pp 101–112, 2010. 
LIU, Y., WHITMAN, W.B. Metabolic, phylogenetic, and ecological diversity of the 
methanogenic archaea. Ann N Y Acad Sci 1125 (1): 171–189, 2008. 
LIU, Z., CICHOCKI, N., HÜBSCHMANN, T., SÜRING, C., OFIŢERU, I.D., SLOAN, W.T., GRIMM, 
V., MÜLLER, S. Neutral mechanisms and niche differentiation in steady-state insular 
microbial communities revealed by single cell analysis: Non-equilibria systems. Environ 
Microbiol 21 (1): 164–181, 2019. 
LOZUPONE, C.A., STOMBAUGH, J.I., GORDON, J.I., JANSSON, J.K., KNIGHT, R. Diversity, 
stability and resilience of the human gut microbiota. Nature 489 (7415): 220–230, 2012. 
LUCAS, R., KUCHENBUCH, A., FETZER, I., HARMS, H., KLEINSTEUBER, S. Long-term 
monitoring reveals stable and remarkably similar microbial communities in parallel full-
scale biogas reactors digesting energy crops. FEMS Microbiol Ecol 91 (3): fiv004–fiv004, 
2015. 
MAROUNEK, M., FLIEGROVA, K., BARTOS, S. Metabolism and some characteristics of 
ruminal strains of Megasphaera elsdenii. Appl Env Microbiol 55 (6): 1570–1573, 1989. 
MAUKY, E., JACOBI, H.F., LIEBETRAU, J., NELLES, M. Flexible biogas production for 
demand-driven energy supply – Feeding strategies and types of substrates. Bioresour 
Technol 178 262–269, 2015. 
MCCORMICK, J.R.D., MORTON, G.O. Identity of cosynthetic factor I of Streptomyces 
aureofaciens and fragment FO from coenzyme F420 of Methanobacterium species. J Am 
Chem Soc 104 (14): 4014–4015, 1982. 
MIE, G. Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen. Ann Phys 







MURPHY, C.B., ZHANG, Y., TROXLER, T., FERRY, V., MARTIN, J.J., JONES, W.E. Probing 
Förster and Dexter Energy-Transfer Mechanisms in Fluorescent Conjugated Polymer 
Chemosensors. J Phys Chem B 108 (5): 1537–1543, 2004. 
MUTH, E. Localization of the F420-reducing hydrogenase in Methanococcus voltae cells by 
immuno-gold technique. Arch Microbiol 150 (2): 205–207, 1988. 
NETTMANN, E., BERGMANN, I., PRAMSCHUFER, S., MUNDT, K., PLOGSTIES, V., HERRMANN, 
C., KLOCKE, M. Polyphasic Analyses of Methanogenic Archaeal Communities in 
Agricultural Biogas Plants. Appl Environ Microbiol 76 (8): 2540–2548, 2010. 
NEY, B., AHMED, F.H., CARERE, C.R., BISWAS, A., WARDEN, A.C., MORALES, S.E., 
PANDEY, G., WATT, S.J., OAKESHOTT, J.G., TAYLOR, M.C., OTHERS. The methanogenic 
redox cofactor F420 is widely synthesized by aerobic soil bacteria. ISME J, 2016. 
NIEDRINGHAUS, T.P., MILANOVA, D., KERBY, M.B., SNYDER, M.P., BARRON, A.E. 
Landscape of next-generation sequencing technologies. Anal Chem 83 (12): 4327–4341, 
2011. 
PASSARIS, I., VAN GAELEN, P., CORNELISSEN, R., SIMOENS, K., GRAUWELS, D., 
VANHAECKE, L., SPRINGAEL, D., SMETS, I. Cofactor F430 as a biomarker for methanogenic 
activity: application to an anaerobic bioreactor system. Appl Microbiol Biotechnol, 2017. 
PATRA, A., PARK, T., KIM, M., YU, Z. Rumen methanogens and mitigation of methane 
emission by anti-methanogenic compounds and substances. J Anim Sci Biotechnol 8 (1): 
13, 2017. 
PAVLOSTATHIS, S.G., GIRALDO-GOMEZ, E. Kinetics of anaerobic treatment. Water Sci 
Technol 24 (8): 35–59, 1991. 
PECK, M.W. Changes in concentrations of coenzyme F420 analogs during batch growth of 
Methanosarcina barkeri and Methanosarcina mazei. Appl Environ Microbiol 55 (4): 940–
945, 1989. 
PEROT, C., AMAR, D. Optimisation of sludge anaerobic digestion by separation of 
hydrolysis‐acidification and methanogenesis. Environ Technol Lett 10 (7): 633–644, 1989. 
PESCHKE, U., SCHMIDT, H., THANG, H.-Z., PIEPERSBURG, W. Molecular characterization of 
the lincomycin-production gene cluster of Streptomyces lincolnensis 78-11. Mol Microbiol 
16 (6): 1137–1156, 1995. 
PURWANTINI, E., DANIELS, L. Purification of a novel coenzyme F420-dependent glucose-6-
phosphate dehydrogenase from Mycobacterium smegmatis. J Bacteriol 178 (10): 2861–
2866, 1996. 
PURWANTINI, E., GILLIS, T.P., DANIELS, L. Presence of F420-dependent glucose-6-







Streptomyces and Corynebacterium species and methanogenic Archaea. FEMS Microbiol 
Lett 146 129–134, 1997. 
PURWANTINI, E., MUKHOPADHYAYA, B. Conversion of NO2 to NO by reduced coenzyme 
F420 protects mycobacteria from nitrosative damage. Proc Natl Acad Sci U S A 106 6333–
6338, 2009. 
RAGSDALE, S.W., PIERCE, E. Acetogenesis and the Wood–Ljungdahl pathway of CO2 
fixation. Biochim Biophys Acta BBA - Proteins Proteomics 1784 (12): 1873–1898, 2008. 
RAY, P.C., FAN, Z., CROUCH, R.A., SINHA, S.S., PRAMANIK, A. Nanoscopic optical rulers 
beyond the FRET distance limit: fundamentals and applications. Chem Soc Rev 43 (17): 
6370–6404, 2014. 
RHODES, P.M., WINSKILL, N., FRIEND, E.J., WARREN, M. Biochemical and genetic 
characterization of Streptomyces rimosus mutants impaired in oxytetracycline 
biosynthesis. Microbiology 124 (2): 329–338, 1981. 
RICHTER, H., MOLITOR, B., DIENDER, M., SOUSA, D.Z., ANGENENT, L.T. A Narrow pH 
Range Supports Butanol, Hexanol, and Octanol Production from Syngas in a Continuous 
Co-culture of Clostridium ljungdahlii and Clostridium kluyveri with In-Line Product 
Extraction. Front Microbiol 7 1773, 2016. 
ROE, A.J., O’BYRNE, C., MCLAGGAN, D., BOOTH, I.R. Inhibition of Escherichia coli growth 
by acetic acid: a problem with methionine biosynthesis and homocysteine toxicity. 
Microbiology 148 (7): 2215–2222, 2002. 
DE ROY, K., CLEMENT, L., THAS, O., WANG, Y., BOON, N. Flow cytometry for fast 
microbial community fingerprinting. Water Res 46 (3): 907–919, 2012. 
SALMONOD, C.V., KROLL, R.G., BOOTH, I. The Effect of food Preservatives on pH 
Homeostasis in Escherichia Coli. J Gen Micobiology 130 2845–2850, 1984. 
SCHLÜTER, A., BEKEL, T., DIAZ, N.N., DONDRUP, M., EICHENLAUB, R., GARTEMANN, K.-
H., KRAHN, I., KRAUSE, L., KRÖMEKE, H., KRUSE, O., MUSSGNUG, J.H., NEUWEGER, H., 
NIEHAUS, K., PÜHLER, A., RUNTE, K.J., SZCZEPANOWSKI, R., TAUCH, A., TILKER, A., 
VIEHÖVER, P., GOESMANN, A. The metagenome of a biogas-producing microbial 
community of a production-scale biogas plant fermenter analysed by the 454-
pyrosequencing technology. J Biotechnol 136 (1-2): 77–90, 2008. 
SCHOBERTH, S., GOTTSCHALK, G. Considerations on the energy metabolism of Clostridium 
kluyveri. Arch Für Mikrobiol 65 (4): 318–328, 1969. 
SCHÖNHEIT, P., KEWELOH, H., THAUER, R.K. Factor F420 degradation in 
Methanobacterium thermoautotrophicum during exposure to oxygen. FEMS Microbiol 







SCHUCHMANN, K., MÜLLER, V. Energetics and application of heterotrophy in acetogenic 
bacteria. Appl Env Microbiol 82 (14): 4056–4069, 2016. 
SEELINGER, S., JANSSEN, P.H., SCHINK, B. Energetics and kinetics of lactate fermentation 
to acetate and propionate via methylmalonyl-CoA or acrylyl-CoA. FEMS Microbiol Lett 
211 65–70, 2002. 
SHAW, G.T.-W., LIU, A.-C., WENG, C.-Y., CHOU, C.-Y., WANG, D. Inferring microbial 
interactions in thermophilic and mesophilic anaerobic digestion of hog waste. PloS One 12 
(7): e0181395, 2017. 
DE SMIT, S.M., DE LEEUW, K.D., BUISMAN, C.J., STRIK, D.P. Continuous n-valerate 
formation from propionate and methanol in an anaerobic chain elongation open-culture 
bioreactor. Biotechnol Biofuels 12 (1): 132, 2019. 
SPIRITO, C.M., MARZILLI, A.M., ANGENENT, L.T. Higher Substrate Ratios of Ethanol to 
Acetate Steered Chain Elongation toward n -Caprylate in a Bioreactor with Product 
Extraction. Environ Sci Technol 52 (22): 13438–13447, 2018. 
SPIRITO, C.M., RICHTER, H., RABAEY, K., STAMS, A.J., ANGENENT, L.T. Chain elongation 
in anaerobic reactor microbiomes to recover resources from waste. Curr Opin Biotechnol 
27 115–122, 2014. 
STOCKAR, U. VON, LIU, J.-S. Does microbial life always feed on negative entropy? 
Thermodynamic analysis of microbial growth. Biochim Biophys Acta BBA-Bioenerg 1412 
(3): 191–211, 1999. 
STRATFORD, M., ANSLOW, P.A. Evidence that sorbic acid does not inhibit yeast as a 
classic “weak acid preservative.” Lett Appl Microbiol 27 (4): 203–206, 1998. 
STRÄUBER, H., BÜHLIGEN, F., KLEINSTEUBER, S., DITTRICH-ZECHENDORF, M. Carboxylic 
acid production from ensiled crops in anaerobic solid‐state fermentation ‐ trace elements 
as pH controlling agents support microbial chain elongation with lactic acid. Eng Life Sci 
0 1–12, 2018. 
SUNDBERG, C., SOUD, W.A. AL-, LARSSON, M., ALM, E., YEKTA, S.S., SVENSSON, B.H., 
SØRENSEN, S.J., KARLSSON, A. 454 pyrosequencing analyses of bacterial and archaeal 
richness in 21 full-scale biogas digesters. FEMS Microbiol Ecol 85 (3): 612–626, 2013. 
SZARKA, N., SCHOLWIN, F., TROMMLER, M., FABIAN JACOBI, H., EICHHORN, M., ORTWEIN, 
A., THRÄN, D. A novel role for bioenergy: A flexible, demand-oriented power supply. 
Energy 61 18–26, 2013. 
THAUER, R.K., JUNGERMANN, K., HENNINGER, H., WENNING, J., DECKER, K. The energy 







THAUER, R.K., KASTER, A.-K., SEEDORF, H., BUCKEL, W., HEDDERICH, R. Methanogenic 
archaea: ecologically relevant differences in energy conservation. Nat Rev Microbiol 6 
(8): 579–591, 2008. 
THAUER, R.K., SHIMA, S. Methane and microbes. Nature 440 (7086): 878, 2006. 
URBAN, C., XU, J., STRÄUBER, H., SANTOS DANTAS, T.R. DOS, MÜHLENBERG, J., HÄRTIG, 
C., ANGENENT, L.T., HARNISCH, F. Production of drop-in fuels from biomass at high 
selectivity by combined microbial and electrochemical conversion. Energy Environ Sci 10 
(10): 2231–2244, 2017. 
VANWONTERGHEM, I., EVANS, P.N., PARKS, D.H., JENSEN, P.D., WOODCROFT, B.J., 
HUGENHOLTZ, P., TYSON, G.W. Methylotrophic methanogenesis discovered in the archaeal 
phylum Verstraetearchaeota. Nat Microbiol 1 (12): 16170, 2016. 
VEEKEN, A., KALYUZHNYI, S., SCHARFF, H., HAMELERS, B. Effect of pH and VFA on 
hydrolysis of organic solid waste. J Environ Eng 126 (12): 1076–1081, 2000. 
WALLACE, R.J. Metabolic properties of Eubacterium pyruvativorans, a ruminal “hyper-
ammonia-producing” anaerobe with metabolic properties analogous to those of 
Clostridium kluyveri. Microbiology 150 (9): 2921–2930, 2004. 
WATKINS, A.J., ROUSSEL, E.G., PARKES, R.J., SASS, H. Glycine Betaine as a Direct 
Substrate for Methanogens (Methanococcoides spp.). Appl Environ Microbiol 80 (1): 289–
293, 2014. 
WATKINS, A.J., ROUSSEL, E.G., WEBSTER, G., PARKES, R.J., SASS, H. Choline and N,N-
Dimethylethanolamine as Direct Substrates for Methanogens. Appl Environ Microbiol 78 
(23): 8298–8303, 2012. 
WEISS, M.C., SOUSA, F.L., MRNJAVAC, N., NEUKIRCHEN, S., ROETTGER, M., NELSON-
SATHI, S., MARTIN, W.F. The physiology and habitat of the last universal common 
ancestor. Nat Microbiol 1 (9):, 2016. 
WELANDER, P.V., METCALF, W.W. Loss of the mtr operon in Methanosarcina blocks 
growth on methanol, but not methanogenesis, and reveals an unknown methanogenic 
pathway. Proc Natl Acad Sci U S A 102 (30): 10664–10669, 2005. 
WINTERBOTTOM, J.M., KING, M.B. (EDS). Reactor design for chemical engineers. Stanley 
Thornes, Cheltenham, U.K, 1999. 
WITHOLT, B., KESSLER, B. Perspectives of medium chain length poly (hydroxyalkanoates), 
a versatile set of bacterial bioplastics. Curr Opin Biotechnol 10 (3): 279–285, 1999. 








YIN, X., WU, W., MAEKE, M., RICHTER-HEITMANN, T., KULKARNI, A.C., ONI, O.E., 
WENDT, J., ELVERT, M., FRIEDRICH, M.W. CO2 conversion to methane and biomass in 
obligate methylotrophic methanogens in marine sediments. ISME J 1, 2019. 
YU, H.-Q., MU, Y., FANG, H.H. Thermodynamic analysis of product formation in 
mesophilic acidogenesis of lactose. Biotechnol Bioeng 87 (7): 813–822, 2004. 
YUN, J.H., CHO, K.-S. Effect of hydraulic retention time on suppression of methanogens 
during a continuous biohydrogen production process using molasses wastewater. J 
Environ Sci Health Part A 52 (1): 37–44, 2017. 
ZHANG, Z.-P., TAY, J.-H., SHOW, K.-Y., YAN, R., TEE LIANG, D., LEE, D.-J., JIANG, W.-J. 
Biohydrogen production in a granular activated carbon anaerobic fluidized bed reactor. 
Int J Hydrog Energy 32 (2): 185–191, 2007. 
ZHENG, M., ZHENG, M., WU, Y., MA, H., WANG, K. Effect of pH on types of acidogenic 
fermentation of fruit and vegetable wastes. Biotechnol Bioprocess Eng 20 (2): 298–303, 
2015. 
ZINDER, S.H. Syntrophic Acetate Oxidation and “Reversible Acetogenesis” in: 











Declaration of authorship 
I herewith declare that 
• I have written this thesis autonomously incorporating my own ideas and 
judgments; I have made use of no other resources than stated and direct or 
indirect quotations from other work have been marked accordingly; full 
reference of their source has been provided in the proper way. 
• all persons are listed that provided me with support for the selection and 
evaluation of the material for my thesis; nature and scope of my own 
contribution and the share of the co-authors is listed in Documentation of Co-
authors contributions. 
• no other persons have provided support and thereby contributed to the thesis; 
in particular, no PhD consultants were used, and no third party has received 
direct or indirect financial benefits in goods and services for work that stands 
in relation to the work presented in the thesis. 
• this thesis has not been submitted in an equal or similar form for examination 
for the degree of doctorate or any other degree at another academic 
institution, and has not been published. 
• no further unsuccessful doctoral examination process has taken place. 
 
 
Place    Date    Signature 







Nachweis über Anteile der Co-Autoren, Johannes Lambrecht 
The community sensor – Monitoring and control of microbiome dynamics in 
anaerobic processes 
 
Documentation of Co-authors contributions: 
Title:  Flow cytometric quantification, sorting and sequencing of 
methanogenic archaea based on F420 autofluorescence 
Journal:  Microbial Cell Factories 
Authors:  Johannes Lambrecht, Nicolas Cichocki, Thomas Hübschmann, Christin 
Koch, Hauke Harms, Susann Müller 
 
Johannes Lambrecht Study concept and design 
 Digester operation 
 Sample preparation 
 Data analysis 
 Manuscript writing 
Nicolas Cichocki DNA extraction and amplification 
 Design of the sequencing run 
 Manuscript revision 
Thomas Hübschmann Study concept and design 
 Flow cytometric measurements 
 Manuscript revision 
Christin Koch T-RFLP analysis 
 Manuscript revision 
Hauke Harms Study concept 
 Manuscript revision 
Susann Müller Study concept and design 
 Manuscript writing 
 
 







Nachweis über Anteile der Co-Autoren, Johannes Lambrecht 
The community sensor – Monitoring and control of microbiome dynamics in 
anaerobic processes 
 
Documentation of Co-authors contributions: 
Title:  Characterizing Microbiome Dynamics – Flow Cytometry Based 
Workflows from Pure Cultures to Natural Communities 
Journal:  Journal of Visualized Experiments 
Authors:  Johannes Lambrecht, Florian Schattenberg, Hauke Harms, Susann 
Müller 
 
Johannes Lambrecht Study concept and design 
 Sample preparation 
 Flow cytometric measurements 
 Data analysis 
 Manuscript writing 
 Video production 
Florian Schattenberg Study concept and design 
 Flow cytometric measurements 
 Manuscript writing 
 Video production 
Hauke Harms Study concept 
 Manuscript revision 
Susann Müller Study concept and design 












Nachweis über Anteile der Co-Autoren, Johannes Lambrecht 
The community sensor – Monitoring and control of microbiome dynamics in 
anaerobic processes 
 
Documentation of Co-authors contributions: 
Title:  Key subcommunity dynamics of medium-chain carboxylate 
production. 
Journal:  Microbial Cell Factories 
Authors:  Johannes Lambrecht, Nicolas Cichocki, Florian Schattenberg, Sabine 
Kleinsteuber, Hauke Harms, Susann Müller and Heike Sträuber 
 
Johannes Lambrecht Study concept and design 
 Digester operation 
 Sample preparation 
 Data analysis 
 Manuscript writing 
Nicolas Cichocki DNA extraction and amplification 
 Design of the sequencing run 
 Manuscript revision 
Florian Schattenberg Flow cytometric measurements 
 Manuscript revision 
Sabine Kleinsteuber Taxonomic data evaluation 
 Manuscript revision 
Hauke Harms Study concept 
 Manuscript revision 
Susann Müller Study concept and design 
 Manuscript writing 
Heike Sträuber Study concept and design 
 Manuscript writing 
 
Johannes Lambrecht Heike Sträuber
 
 




4.1 Curriculum vitae 
Personal data 
Name: Johannes Lambrecht 
Birth: June 17th, 1989, in Neubrandenburg, Germany 
Current residence: Charlottenstr. 6, 04317 Leipzig 
Phone: +49 176 82121798 
E-Mail: johannes.lambrecht@yahoo.com 
Practical Experience 
 Helmholtz Centre for Environmental Research 
Since 05/2015 PhD project in the Flow Cytometry group, Dept. 
Environmental Microbiology 
10/2014 – 12/2014 Research assistant  
11/2013 – 02/2015 Diploma thesis „Investigation of Microbial Community 
Dynamics in Biogas Plants“ (1,2) 
10/2012 – 10/2013 University of Technology Dresden 
 Research thesis in the Institute of Bioprocess Engineering: 
 „Establishing a method for characterization and 
visualization of growth patterns of T. hirsuta for modelling” 
10/2011 – 04/2012 G.E.O.S. Ingenieurgesellschaft mbH, Freiberg 
 Internship in the Division renewable energies / 
Biotechnology „Optimization of microbial water treatment 
in lignite strip mines and beneficiation of the accruing 
waste material Schwertmannit“ 
 Co-submitting European Patent application EP 2 664 376 
A1: “An adsorbent comprising Schwertmannite, a method 
of preparing the adsorbent and the use of the adsorbent for 









10/2010 – 03/2015 University of Technology Dresden 
 Major studies in bioprocess engineering (1,8) 
 Focusing: bio-process technology, microbiology, 
Biochemistry, molecular biology and biosensors 
 
09/2012 – 10/2012 European Course of Cryogenics, Summer school Program 
 Dresden - Wrocław -Trondheim 
 Focusing: Hydrogen, Helium, Natural gas - production, 
liquefaction, safety, transportation, superconductors 
10/2008 – 09/2010 University of Technology Dresden 
 Basic studies in process engineering 
 Focusing: fundamental physics, chemistry, electrical and 
mechanical engineering, automation, thermodynamics 
Qualification & Skills 
Languages German (native) 
 English (proficient) 
 French (basic) 
Skills and Trainings Good manufacturing practice, 1 week intensive course 2018 
 Flow Cytometer operation and maintenance 
 Bioreactor design and operation aerobic and anaerobic 
 Cultivation of bacteria, fungi, callus and hairy root cultures 
 Flow cytometric data analysis and visualization 
 Fluorescence microscopy and Fluorescence-
spectrophotometry 
Software Computer aided design: Solidworks 
 Modeling: Berkley Madonna (intermed.), Mathcad (beg.) 
 Programming: R (intermed.), Java (beg.) 
 Flow Cytometry: FlowMax, FlowJo, Summit 
 Imaging: Image J, Hugin, GIMP 
 
 




4.2 List of publications and conference contributions 
Publications 
Burghardt, Diana; Fischer, Heike; Glombitza, Franz; Griebel, Ingeborg; Jannek, 
Eberhard; Lambrecht, Johannes; Martin, Mirko; Peiffer, Stefan; Rostan, Michael; 
Simon, Elisabeth. An adsorbent comprising schwertmannite. European Patent EP 
2 664 376 A1. 2012. 
Lambrecht, Johannes; Cichocki, Nicolas; Hübschmann, Thomas; Koch, Christin; 
Harms, Hauke; Müller, Susann. Flow cytometric quantification, sorting and 
sequencing of methanogenic archaea based on F420 autofluorescence. Microbial 
Cell Factories 16:180, 2017. 
Lambrecht, Johannes; Schattenberg, Florian; Harms, Hauke; Müller, Susann. 
Characterizing Microbiome Dynamics – Flow Cytometry Based Workflows from 
Pure Cultures to Natural Communities. Journal of Visualized Experiments 137, 
2018. 
Lambrecht, Johannes; Cichocki. Nicolas; Schattenberg. Florian, Kleinsteuber, 
Sabine; Harms, Hauke; Müller, Susann; Sträuber, Heike. Key subcommunity 
dynamics of medium-chain carboxylate production. Submitted to Microbial cell 
factories. 2019. 
Conference contributions 
Mar 29-30, 2017 CMP – III. Conference of Monitoring & Process Control of 
Anaerobic Digestions Plants, Leipzig, presentation The 
Community Sensor – Online Flow Cytometry concepts for 
low latency process control 
May 01-03, 2017 ICBM3 – International Conference on Biogas Microbiology, 
Wageningen, poster The Community Sensor – Online Flow 
Cytometry concepts for low latency process control 
May 10,2017 HIGRADE conference, Leipzig, poster The Community 
Sensor – Online Flow Cytometry concepts for low latency 
process control  
 
 





Oct 04-06, 2017 DGFZ – 27th Annual Conference of the German Society for 
Cytometry, Jena, poster A tale of flatulence and 
fluorescence - Flow cytometric quantification, sorting and 
sequencing of methanogenic archaea based on their F420 
autofluorescence 
 
Apr 28-May 02, 2018 CYTO – 33rd Congress of the International Society for 
Advancement of Cytometry, Prague, poster Quantifying 
luminous needles in a dirty haystack - Flow cytometric 
microbiome analysis in biogas sludge 
Aug 12-17, 2018 ISME – 17th International Symposium on Microbial Ecology, 
Leipzig, poster how many methanogens do you need to 
substitute a light bulb? – flow cytometric methanogen 










• Supplementary information provided with publication 1 can be found on page 
A3. The original publication is given on page 47. 
• Supplementary information provided with publication 2 can be found on page 
A19. The original publication is given on page 63. Additional supplementary 
information in form of an animated dot plot sequence and the video-
publication is accessible at: 
https://www.jove.com/video/58033/characterizing-microbiome-dynamics-
flow-cytometry-based-workflows 
• Supplementary information provided with publication 3 can be found on page 
A37. The original publication is given on page 81. Additional supplementary 













5.1 Supplementary information on Publication 1 
 
 





























































































































































































































































































































































































































I would like to express my gratitude towards my supervisors Prof. Dr. Susann Müller 
and Prof. Dr. Hauke Harms for their tireless scientific guidance and administrative 
support during my thesis. Thanks for the lively debates and confidence in my work. 
I would like to thank Prof. Dr. Ilse Smets for reviewing my dissertation. 
I am very grateful to Sabine Kleinsteubers working group MICAS in general and 
Heike Sträuber in particular. She facilitated, supervised and unreservedly supported 
a major part of my work, which was originally scheduled as a surrogate experiment 
on short notice, but turned out to be highly successful and productive.  
Further thanks to my fellow co-workers in the group of flow cytometry, especially 
Thomas Hübschmann and Florian Schattenberg, who significantly contributed to the 
success of the project, as well as towards retaining my sanity. 
Thanks to Sören Weinrich and Marcel Pohl who were indispensable, fair and ever 
diplomatic mediators during the interactions between the project partners, and to 
Bärbel Haase, the good and helpful spirit of the biogas lab. 
I am further grateful to Denny Popp and Birke Brumme for providing the enrichment 
culture and Anne Kuchenbuch for conducting the T-RFLP analysis, both of which 
were pivotal to the first paper. Thanks to Lisa Hellmann for fluorescence microscopic 
imaging and Joachim Schumann for help with the bioinformatics analysis. 
Thanks to the students Katrin Mörters and Julia Fischer for their tireless help with 
running and sampling the reactors. 
I am grateful for the encouragement and true friendship I was offered by my fellow 
PhD students and colleges at the UMB and beyond. The recreational hops-days 
would not have been possible without you. 
And finally, I want to thank my family, Marie, Frieda, Martha and Edgar, my parents 
and grandparents, and all friends who supported and supplied me through the ups 
and downs of my PhD project. 
